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ABSTRACT
Sustainable agricultural systems are needed for both large and small-scale farmers the
world over. Central to the sustainability of these systems is the availability of cheap and effective
seeders for smallholder farmers and effective utilization of less energy intensive nitrogen
sources. In the first two chapters, this thesis considers maize seeders for smallholder use in a
Conservation Agriculture system. To sustain the smallholder sector, soil fertility and soil erosion
must be addressed and a Conservation Agriculture model seeks to improve soil conditions in
agriculture. The technologies available to smallholder farmers, though, need to be tested in a notill system before being promoted abroad, especially with cash-poor smallholder farmers.
In the third chapter, this thesis considers a low energy intensive nitrogen-rich soil
amendment in the production of fescue in the US that could decrease fertilizer costs of the farmer
and repurpose an industrial fermentation by-product, thereby achieving a sustainable system
between industry and farmer. However different in scale, American farmers and smallholders
farmers are seeking the most effective, efficient and sustainable system while also increasing
yields within the same area. Exploration of alternative nitrogen sources and improved seeding
practice in this thesis seeks to highlight contemporary and realistic opportunities in
sustainability.
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INTRODUCTION
Is sustainability in agriculture achievable in the 21st century? On the most industrialized
farms or the most rudimentary farms of the world, the challenges of soil infertility, market
fluctuation, fuel costs, land availability, unpredictable climate, fertilizer costs, distribution and
achieving desired yields are pressing. Concern has grown over the implications of conventional
practices in agriculture, such as deep tillage and over-fertilization; sustainability or the ability of
a system to be maintained at a certain level over time is called into question. Alternative methods
are sought that can achieve both sustainability of the soil system on the farm as well as economic
sustainability of the agricultural sector. This can be applied to mechanized farms in the US and
to smallholder farmers of the developing world; identifying key challenges in achieving
sustainable farming systems and examining alternative solutions to solving these challenges is
the context of this thesis. While environmental sustainability is beyond the scope of this work,
sustainable agriculture addressed here leads to co-benefits for the environment.
While smallholder farmers, those farm 2 ha of land or less, produce over 70% of the
world’s food (Wolfenson et al., 2013), it is they who are charged to increase food production by
70% to supply the projected 9.2 billion people 2050 (Bruinsma, 2003). The majority of
smallholder agriculture takes place in regions of the world deemed “less developed,” in the subhumid and tropical climates where soils are inherently less fertile and food production is
generally more challenging. These regions include sub-Saharan Africa (SSA), South and
Southeast Asia, Central America and the Caribbean and areas of South America. Adding further
complexity to projected food needs, the per capita availability of agricultural land is diminishing,
soil fertility is being depleted and the climate is warming and becomingly increasingly erratic
(Altieri et al., 2008; Friedrich et al., 2009; Sanchez et al, 1997). ‘Sustainable intensification’ is
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characterized as a means to increase agriculture production while protecting soil, water and
overall ecosystem services in light of growing food demands and climate change (Friedrich et al.,
2009). A set of practices has resulted from this productive yet remunerative approach to
agriculture called Conservation Agriculture (CA). To achieve improved soil fertility (by
increasing soil water holding capacity, buffering capacity and organic matter content) and make
current cultivated land more productive three CA tenets are proposed: leave crop residues postharvest, intercrop or rotate crops, and utilize minimum to “no-till” (Kassam et al., 2009). By
improving productivity on current lands, more marginal lands are kept out of cultivation. For the
farmer, the result is a more sustainable system in both the short-term and long-term and higher
resiliency to climate changes, particularly increases in droughts, heavy precipitation events that
cause flooding, crop failure and erosion (Altieri et al., 2008).
But for the smallholder farmer to implement a CA system, appropriate equipment is
necessary; they need to penetrate surface residues and penetrate harder soil surfaces. Although
CA eliminates the need for heavy land preparation and basins, the task of planting through
residues on hard soils is an arduous task for the operator made either more or less difficult
depending on the tool employed (Kienzle, 2014). A CA system for a smallholder necessitates
seeding equipment that is durable and reliable, be an economical investment and complement
current practices, gender roles, and cultural precedence and, to be sure, achieve yields
commensurate with the level of inputs.
Throughout the developing world, women are largely responsible for planting seed, as
well as preparing the seed bed and harvesting (FAO, 2011). An FAO study from 2008
conducted in Burkino Faso, Senegal, Uganda, Zambia and Zimbabwe echoed the general
findings throughout the developing world: manual labor is most often women’s responsibility.
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Gender roles are outlined in agriculture, where women (and children) are responsible for planting
by hand and, if a mechanical planter is available or draft power is used, men undertake such
operations. In SSA in particular, women are expected to work bent over with a hand hoe;
standing upright is cast as “lazy” (FAO, 2008). Therefore, for a CA system to be implemented
realistically, tools must be designed that suit the women using them and that are sensitive to the
cultural and gender dynamics. Short-handled hand hoes are generally used throughout SSA,
longer planting sticks in Central and South America, and machetes in the Caribbean. These tools
have long been used in these regions as suitable for the soil conditions, sourced from local
materials and complementary to the task with which they are used. Identifying suitable seeding
technology for women growers or any smallholder is about “appropriate mechanization,” or
improved technologies that are balanced with economic feasibility, usability and cultural or
community acceptance (Mrema, 2008; Baudron, 2015).
For a technology such as a hand seeder to be accepted by a farmer, it must not only
promise improved yields, it must be usable. The operator depends greatly on the tool he or she
uses and, if the tool is too cumbersome or too complicated, the technology is not suitable for use.
Hand seeders are generally evaluated based on their field performance and crop growth and
yield. But these findings are of little use if crop and yield data is not complemented with
qualitative assessment – evaluation of the usability, effort, ease of handling and transport,
handling of seed, etc. These parameters dictate the success of any new and improved implement
and ultimately, the success of adopting a CA model.
Improved seeding tools can save time, energy and increase agricultural productivity. The
economic potential of improved technologies is great but the economic reality within the socioeconomic constraints of a smallholder farm and even the country in which the smallholder works
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is hugely limiting. Aside from a simple market exchange – does the farmer have enough funds to
buy a tool – many other dynamics exist that affect whether or not a farmer can purchase new
equipment. The price levels as seen by the farmer are heavily influenced by supply and demand,
fuel and transport, shipping and distribution, and taxes and regulations from governments. Larger
economic variables like unemployment, national income, rate of growth or decline, corruption,
government subsidizing and industry presence also affects whether an individual smallholder can
acquire a certain technology. To make realistic assessments of the viability of maize seeders, an
investigation of the economics of agricultural technology is necessary.
Sustainability for smallholder agriculture can look very different depending on where one
is in the developing world. But just as certain generalizations can be made of the challenges
facing the agricultural sector, so too can maize be generalized as the most important cereal crop
for the developing world (Byerlee & Pereira, 1994). Where maize accounts for the largest
proportion of caloric intake and food security is also where maize yields are endemically low
(Dowswell et al., 1996). Low yields throughout the world have long been attributed to farmer
practice, but the soils throughout the developing world are generally inherently lower in organic
matter, have parent materials of less productive mineralogy, and are more highly weathered due
to proximity to the heavily precipitated and hot equatorial climates. Soil types dictate
productivity: less than 4.8 % Mollisols, the most productive soils, are present throughout SSA as
compared to over 21.5% Mollisols in the US – obtainable maize yields cannot be attributed to
practice or equipment alone (Brady & Weil, 2000, Eswaran et al., 2005).
To improve the outlook of smallholder agriculture and achieve sustainability with a CA
model, the appropriate seeders are necessary. No one seeder can be a panacea to implementing
CA in every corner of the developing world. But, the American model of seeding equipment,
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where a planter has many attachment options and alterations to suit the needs of the farmer
provides a potential framework for future development of universal maize seeders with possible
attachments or modifications for smallholder farmers. Until the time when such equipment is
developed, researchers must evaluate current models available to smallholders, governments and
non-governmental organizations (NGO) in the hopes of improved understanding of the
suitability and reliability of available tools and promote only appropriate tools.
Moving from challenges in the developing world, in the US among the host of challenges
to sustainable crop production is fertilization. Fertilizer costs are as expensive as they are volatile
around the globe and price surges are related to fuel costs and the current market demands.
Fertilizer use has increased rapidly since before 1960 to a peak of 24 million t in 1981 in the US
(USDA, 2013). High grade and single nutrient fertilizer use also increased, especially nitrogen
(N). Solid urea (46-0-0) increased by 22% from 1960 to 2011 according to the USDA and
increasing prices for N is directly tied to the price of natural gas, a component in the production
of N fertilizers. From 2002 to 2011, net imports of N in the US rose from 19% to 50% (USDA,
2013). In Tennessee (TN), N fertilizers are heavily used in the production of corn and forage and
remain a significant expense. As one of the top livestock producing states, TN farmers depend
heavily on N fertilizers for growth response in forage grasses, such as fescue. Sustainable
production for the TN farmer means addressing the increasing cost of fertilizer with the constant
need to keep forage yields high.
Alternatives to chemical N fertilizers are animal waste products and biosolids, but a new
area of products are emerging; for example the reuse of industrial fermentation by-products.
Industrial fermentation processes produce compounds used in carpets, personal care products and
car products. But these large-scale microbial processes produce large amounts of microbial cells
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or biomass that is considered a waste product. The elemental content of the spent microbial
biomass (SMB) suggests it has potential as a N-rich soil amendment, affording a great benefit to
the producer who can avoid landfilling the material and the farmers who can repurpose the SMB
for crop production. The benefits are economical, environmental and agricultural. SMB supplies
farmers with an inexpensive N-source, organic verses chemical agricultural N is applied and crop
production levels are maintained or even improved. By-products of waste management like
biosolids and sewage sludge have become successful case studies in repurposing nutrient-rich
materials as soil amendments that would otherwise be landfilled. If a tenet of sustainable
production is to create more cyclical systems, employing current waste products in crop
production is a prime example of its implementation.
Sustaining crop production for the American farmer and the smallholder farmer hinges on
innovation, innovation that focuses on the needs of farmers and with short-term and long-term
successes in mind. For the smallholder, sustainability means improving soil fertility and
increasing yields. CA aims to address these needs but the appropriate seeders are necessary for
smallholders, mostly women, to adopt this new farming system. For the American farmer,
sustainability means lowering fertilizer costs while still achieving high yields. The use of
industrial by-products like SMB provides a N-rich soil amendment to the farmer and an
environmentally sound alternative to landfilling. The opportunities in sustainability are many and
the potential for large-scale and small-scale farmers are great.
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CHAPTER 1
Degrees of Mechanization: Hand Seeders for Use in Corn and Soybean
Residue in Conservation Agriculture Systems
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1.0 Abstract
The seeder is integral to smallholder grain production. The technology seeks to lessen farmer
labor requirements, meter seeds accurately and minimize excessive soil disturbance. Hand
seeders play a central role in CA for the subsistence farmer as a means to plant through residue
cover and penetrate non-tilled soil surfaces. Seven seeders (five hand seeders, one mechanized
seeder and one tractor-drawn control) are evaluated based on plant population establishment,
crop growth stage heights and final grain yield of maize (Zea mays, L.) when planted in 7-year
no-till plots. Two trials, one in maize residue and one in soybean (Glycine max, L.) residue were
conducted. The experiment site was in Mt. Gilead, Ohio, at the Eastern end of the US “Corn
Belt”. Experimental conditions sought to mimic smallholder conditions through seeding and
hand harvesting. The experiment is arranged in a completely randomized design with four
replications.

1.0 Keywords
Smallholder mechanization. Hand seeder. Maize. Conservation Agriculture. No till.

3.0 Introduction
Achieving sustainable food security from local agricultural production demands much of
smallholder agricultural systems. Under the increasing pressures of growing populations and an
exceedingly unpredictable climate, smallholder farmers of the developing world face low and
declining yields, soil degradation, unsustainable soil and crop management methods and erratic
weather patterns (Csaki and deHaan, 2003). These challenges characterize the 500 million
smallholder farms from SSA, Central and South America and South and Southeast Asia that feed
over 2 billion people (IFAD, 2013). The CA model seeks to address these challenges with a
widely applicable framework for improving yields while sustaining soil productive qualities. The
defining concepts of CA – maintaining crop residues, minimally disturbing the soil surface and
intercropping and/or crop rotation – are particularly impactful in the developing world
(Thierfelder et al., 2009). Central to the adoption and success of CA in smallholder agriculture is
an effective seeding tool—one that can be used successfully to plant seed at consistent depths
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and establish full crop stands even when used in soils with high amounts of protective residue
coverage.
Designed to improve the practice of seeding, hand seeders have existed for millennia and
in varying forms and designs. Although modern mechanization of agriculture has
counterbalanced the need for manual work in some sectors, agriculture for subsistence growers
remains mostly hand manual labor with excessive drudgery (Vanderwal et al., 2011; Fathallah et
al., 2008). Hand implements are predominantly used in developing countries in SSA, Central and
South America and South and Southeast Asia. In many regions, especially in SSA, a shorthandled hand hoe is generally used for seeding, tillage, and weeding; many times the handle is
short, causing the farmer to bend continuously while working. In Latin America, a planting stick,
generally of long, body-height length, is commonly used to plant maize and sorghum (Anderson
and Williams, 1954). Jicaras or pouches are worn around the waist to hold seed. Out of the
160,000,000 ha of maize grown in 2009, 34,000,000 ha were grown in the developing world, of
which 60% or 20,400,00 ha was planted by hand (FAO, 2010). In total, 13% of total maize
grown in the world is seeded by hand.
Improving grain yields for the developing world, therefore, necessitates a focus on
manually planted maize and hand-tool technology (HTT). HTT is one of three broad levels of
agricultural mechanization along with draft-animal technology and mechanical or engine-power
technology. The performance of manual implements –yield, effective field capacity and usability
– depend on a variety of factors including (FAO, Machinery, tools and Equipment, 2015):
- Soil conditions: texture, resistance to penetration, porosity
- Residue conditions and quantity: resistance to cutting, moisture content, management,
and degradation
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- Seeder weight and mechanisms
- Manufacturing or importing expenses and upkeep
Each of the above factors varies substantially from region to region and between farmers that
identifying one hand seeder that can be used effectively to plant in the non-plowed field
conditions of CA remains challenging. Even in the US Corn Belt, many farmers may use similar
fully mechanized planters but employ a variety of different attachments to improve performance
on their own soil and within their cropping system.
The crop chosen for this study was maize. Chief among the world’s crops, maize is a
staple cereal crop for the developing world and is produced by smallholder farmers. Maize
accounts for as much as 50% of the staple caloric source in many African countries (FAO, 2011).
In Ghana, for example, maize production exceeded 750,000 ha of land and is planted manually
using hand hoes (Aikins et al., 2010). Consistently low yields of maize, however, are endemic to
the developing world with estimates of less than 1.5 T ha-1 in SSA and below 3 T ha-1 in Asia
(CGIAR, 2013). Grain yields vary significantly between countries and continents, as does the
comparative land area under production.
Loss of yield can be attributed to a variety of factors including drought, erosion, infertile
soils, intensive tillage and cropping, little to no fertilization, heterogeneous plant stands, and late
planting (Aikins et al., 2010, Maronqwe et al., 2011). Where many argue that higher yielding
varieties will improve overall maize yields, improved agronomic practices and adoption of
conservation practices must be emphasized foremost (Shiferaw et al. 2011); they will also
produce immediately positive results without appreciable or unaffordable off-farm inputs. For
example, the “drought” gene was found to increase yields by 15% whereas improved agronomic
practices have the potential to increase yields ten-fold (Cuvaca et al., 2015).
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In general, the use of hand seeders aims to expedite the process of timely seeding while
also reducing labor and achieving higher yields. Yet the use of levels of mechanization, such as
the use of a CA hand seeder does not depend on high yields or field capacity alone. As Odigboh
(1999) notes, “The toil, drudgery, and severe power constraint on timely field operations, which
limit production and earning capacity, are the inherent characteristics of peasant farmers using
hand-tool technology.” Providing more ergonomic designs to reduce operator fatigue and pain
for male and female operators is critical. Studies have examined the repetitive manual labor
associated with hand hoes and other implements, which force the user to bend continuously,
documenting the muscoskeletal injuries and chronic pain, most notably among its most common
users: women (Fathallah et al., 2008, Janowitz et al., 2000). How user-friendly and comfortable
an implement is – or its ergonomic usability-- is paramount for enabling the widespread adoption
of improved technologies for subsistence growers.
Cultural expectations may also largely dictate the ultimate adoption and utilization of any
implement. For instance, even if mechanization (animal or engine-powered) is made available,
many farmers tend to retain the precision afforded by some manual, hand-held implements based
on cultural precedence (Sims, 1996; Karim, 2001). Likewise, cultural paradigms exist around
gender roles in labor, use of farming equipment, farm management and training throughout the
developing world; women are widely expected to attend to fieldwork (seedbed preparation,
weeding, and planting) with short-handled hand implements (Hopfen et al., 1998). The objective
of this research is to test the seeders of varying mechanization level based on crop growth,
development and yield in a CA system.
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4.0 Materials and Methods
4.1 Hand Seeder Descriptions
The seeders used for this study were chosen to represent levels of seeding mechanization
from the most basic to the modern commercial seeders, as supplied by the University of
Tennessee (UTK), Morrison Seeders (CA-Seeder 1000) and Oklahoma State University (OSU)
(Greenseeder) and Eash Farms in Ohio. The seeders range in degree of mechanization and offer a
wide spectrum for considering effective seeders for use in no-till soil surfaces (Specifications in
Table 1). As they each come from different regions of the world, they also provide a cultural
comparison of planting methods and mechanization design (See Appendix 1 for manufacturing
websites and contacts).

4.1.1 Dibble Stick
Of all the implements, the dibble stick – pointed stick – is the simplest yet most widely
employed technology. The dibble (also called “dibbler” or simply “dibble”) is used to punch a
small hole into the soil surface after which one or more seed is dropped in and the hole is
covered and firmed under the operator’s foot. Dayaks of Borneo, among others, employed the
dibble in no-tillage, post-forest clearing and burning; men would traditionally make the holes and
women would follow after with seed (Padoch, 1988). The length of the stick and material used
varies from country to country; it can be short-handled or long-handled and is predominantly
made of wood (Figures 1 and 2). The point of the stick can be re-sharpened as needed during
seeding with an indigenous cutting tool. It is used to seed crops on steeply sloping land, which is
inaccessible to many powered implements. As the materials are often sourced locally, the dibble
is an essentially zero-cost technology and has remained a dependable, durable and low risk
technology for the smallholder. The operator typically must punch some 20,000 to 80,000-dibble
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Table 1. Specifications for Seven Seeders
Seeder
Type
Materials
Seed
Hopper
Dibble Stick

Tapered

Seed type

Seeding
depth

Fertilizer
Applicati
on

Internal
Mechanism

Cost
US $

Origin

Iron

No

Any

Variable

None

None

$0.00

US

pry bar
OSU Greenseeder

Mechanized
stick/dibble
seeder

Hopper:
PVC

Yes

Any seed
weighing
between
0.20 to 0.30
g

Variable

Yes, 1.00
and 3.00 g
of urea
fertilizer
(granular)

Seed metering
delivery system
with a
reciprocating
drum, spring
and brush

$45.00

Oklahoma
State
University

Li Seeder/
Chinese
Planting Hoe

Mechanized
hoe

Metal

Yes

Large, flat

Variable

Yes,
hopper
attached

Inertiadependent seed
meter

$28.57

Qingyuan
county,
China

Brazilian Jab

Jab-dibble
instrument

Yes

Large, flat

Variable

Yes,
hopper
attached

FitarelLi,
Brazil

Punch
seeder

Yes

~4.57 cm

None

$235.07

Potchefstroo
m, South
Africa

CA-Seeder
1000

Riding 2
wheel
seeder

Stainless
steel
hoppers

All

Maize,
beans, cow
peas,
sorghum
Maize

Sliding seed
meter to
delivery tube to
planting tip
Star wheel as
seed meter with
6 punch tips

$31.00

Haraka
Rolling Jab
Seeder

Wooden
handles, tin
hoppers,
metal beak
Steel
Plastic
hopper

Adjustable

Yes,
adjustable

Dual chamber
seed meter

$1260.00

John Deere
7200
MaxEmerge
Conservation
Planter

Industrial
mechanized
seeder

Steel
double-disk
opener;

Yes

Adjustable

By
attachment

Vacuum seed
meter: circular
rotatable seed
disk

$4,000/
row

Morrison
Seeders, ,
Unicoi,
Tennessee
John Deere
& Company,
Moline, IL

Corn,
Peanut,
Cotton,
Sorghum,
Sugar beet,
Soybeans
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holes per ha with the required labor varying with the firmness of the soil. The dibble stick chosen
for this study was a tapered pry bar to mimic the crowbars used in SSA (Figure 3). A heavy
dibble guaranteed better penetration through surface residues. Further research comparing more
designs of dibble sticks would enhance current literature on stick seeders used throughout the
developing world.

4.1.2 Oklahoma State University Greenseeder Seeder
The Greenseeder Seeder is an experimental mechanized stick/dibble seeder with which
seed is also metered (Figures 4-7). It is said to enable seeding in a variety of soil textures, tillage
systems and moisture contents. A foremost priority of this seeder is to keep the farmers from
holding chemically-treated seeds in their hands (Chim et al., 2014). Common chemical seed
coatings of organophosphates, carbamates, chlordanes and other chemicals were not intended to
be in direct contact with skin but with conventional dibble sticks farmers commonly handle
treated seeds with bare hands. Other noted goals include achieving high singulation (one seed per
hole) and low percent misses as well as multi-use with a modification for mid-season urea
fertilizer application. The Greenseeder project targets affordability, adoptability and in-country
manufacturing potential.
Weighing 1.9 kg, the Greenseeder seeder has a 1kg seed capacity. The hopper, which is
also the handle, is made of polyvinyl chloride (PVC) at a 5.8 cm outside diameter tube (Figure
7). At the base of the hopper is a seed metering delivery system with a reciprocating drum,
spring and brush (Figures 4-7). As described in its prototype description, the drum cavity depth
and angle determine the number of seeds that are released per strike. One seed is received at a
time with the reciprocating drum motion as a brush passes over the cavity. At the bottom of the
seeder, a sharp pointed tip/shovel is used to open a hole to a 5-cm depth in no-till and tilled soils
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when the tip penetrates the soil (Figures 5 and 6). Many components of this seeder can be
changed depending on the soil surface hardness, seed size and shape including the pointed tip,
brush and rotating drums.
The planting method involves an ‘up-stroke’ seed release whereby the seeder is thrust
into the ground at a slight angle away from vertical and the tip is pushed into the soil surface
(Figure 4). Upon pressing the tip into the ground, the spring is compressed and drum is rotated to
capture a seed in the drum cavity (Figure 5). When the operator brings the seeder upright to
vertical, or the ‘up-stroke,’ the spring is released and the drum rotates back to release the seed in
the hole left from the tip. The shape of the tip and adjoining convex lead directs the seed into the
soil hole (Figure 5).

4.1.3 Li Seeder/Chinese Planting Hoe
Developed for the Yunfan Machinery Manufacturing Co., LTD. by the Conservation
Tillage Research Centre of China, the Li seeder penetrates the soil like a hoe and deposits seed
and fertilizer out of the two tips of the hoe with minimal soil disturbance (Figure 8-10). Motion
for seed and fertilizer metering is provided by the inertia of the internal pendulum when the hoe
contacts the soil. The fertilizer is placed in a bag worn by the operator and funneled down a tube
to the hoe-points; seed is contained in the tubular metal shaft/handle bar (Figure 8). Ergonomic
design of the handle orients the head of the hoe at the appropriate angle to penetrate surface
residues and the soil to the desired depth for seed deposition. Jat et al. (2013) report the Li
Seeder can be used to seed 0.2 ha day-1. The Li Seeder manual (2012) states that it “can be used
on any plot in any conditions”. This manual seeder is particularly suitable for sowing and
fertilizing small plots, terraces, wasteland, no-till fields and fields covered with chopped
residues. The manual claims it to be an “ideal no-till seeding machine” (Li Seeder Manual,
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2012). No published research was found testing this seeder although its novel design suggests
potential for more widespread use.

4.1.4 Brazilian Jab Seeder
Manufactured by Fitarelli in Brazil, the Brazilian Jab is described as an “easy-to-operate
dibble instrument” and is comprised of an independent seed hopper and fertilizer hopper
mounted opposite on two treated wooden members with handles at the top and two metal beaks
at the bottom, attached with a steel crampon, to penetrate the soil surface and open a hole (Figure
11). The operator opens the handles to close the metal tips together, which actuates the sliding
seed metering mechanism in the bottom of the seed hopper. The seed falls into the delivery tube
and awaits dropping; a measured fertilizer dose acts in a similar fashion separately from the seed.
Then the closed seeder is ‘jabbed’ into the ground to penetrate to the desired depth for seed
deposition, the handles are pushed together to open a hole and actuate the sliding seed metering
mechanism in the bottom of the seed hopper and the seed and fertilizer drop-release. An
estimated 0.5 to 1.0 ha can be planted per day. The jab seeder has exhibited poor control of seed
metering; such lack of control of seed metering leads to uneven planting density that can greatly
affect overall yield as well as waste expensive seed (Aikins et al., 2010). Wijewardene (1978)
claims that the jab or “punch” seeder can inject seed through heavy maize residues of up to 6 T
ha-1.

4.1.5 Haraka Rolling Seeder
A NGO in Lesotho, SSA, “Growing Nations” has been developing a ‘No-till Rotary
Punch Seeder for Women’ in conjunction with Eden Equip (Growing Nations, 2014). Otherwise
known as the Haraka Rolling Seeder, this implement is designed for CA (zero to minimum
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tillage) and to improve seeding tool field capacity, specifically for women growers (Figure 13).
Designers sought to create an implement acceptable to the Southern African market and to both
men and women. It plants with a fixed intra-row spacing of 29.97 cm, a planting depth of
approximately 4.57 cm and can seed maize, beans, cowpeas and sorghum (any seed that can be
accommodated with seed plate hole sizes of 0.5 cm, 1.2 cm, 1.4 cm, 1.6 cm).
The concept of a hand-pushed rolling seeder or “injection” seeder originated in the 1970s
and 80s in Nigeria with International Institute of Tropical Agriculture (IITA) (Sims, 2013).
Original designs were comprised of a series of injection points around a wheel where each spoke
of the wheel had its own gravity-activated closing and ground-activated opening mechanisms
(Wijewardene, 1978). Traditional Nigerian farmers could increase their effective field capacity
from the traditional 0.5 ha to 4 to 5 ha in the same amount of time (Adekoya, 1982). The
manufacturer, Eden Equip, explains that the Haraka was not designed from IITA blueprints but
the basic concept is the same (Jacobs, 2016) (Figure 13). They cite a study in 2013 in
Mozambique comparing the Haraka to basin planting -- a conservation planting method – and to
a conventional technique of hand tilling and planting. Use of the Haraka produced crop seeding
at a mean rate of 10 hr. ha-1 compared to the 72 hr. ha-1 and 141 hr. ha-1 required for basin
planting and the conventional planting, respectively according to the manufacturer (Eden Equip),
although these estimates appear low.
According to the manufacturer, three adaptations of the Haraka were compared – manual
pushing, via animal traction and attached 2-wheel tractor—and covered three different spectrums
of land area. A manual Haraka, pushed by one person, can plant 0.5 – 2ha. A Haraka pulled by
animal traction but directed by an operator can seed 2-5 ha and a Haraka attached to 2-row
mechanical traction can plant 5-20 ha in the same amount of time (Eden Equip).
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4.1.6 CA-Seeder 1000 by Morrison Seeders
The Morrison single-row, conservation-agriculture (CA) seeder (model CA-Seeder 1000)
is intended for use by smallholder farmers (Morrison, 2014) (Figure 14). The implement has
been field-tested under CA conditions of non-plowed soils and fields with old-crop residues
covering the soil in Mexico, Ghana, Kenya, Ethiopia, Tanzania, and the US It can be used on
several different 2-wheel tractors, including both petrol and diesel 8-hp tractors and larger and
can be pulled by draft animals. Additionally, it can be used for strip-tilling and side-dress
fertilizing. Components of the seeder include: Dual-Chamber Seed Meter, independent
adjustment of seed and fertilizer rate, residue rake wheel for row cleaning the seeding strip, flat
coulter for cutting residues, shank for furrowing, and press wheel to firm seed into the soil. The
operator rides on the seeder.
This riding mechanized seeder acts as a higher tier option of mechanization for the small
farms that have neither the need nor the means to purchase of a multi-row planter. As opposed to
the hand seeders, this mechanized crop seeder is intended to perform more complex tasks in the
process of seeding. In residue-covered, no-till systems, the tasks include the following: clearing a
path through stalks and residues in the row; cut remaining residues along seedbed path; open
furrow to desired seeding depth; meter and cast seed and press furrow with seed closed (CASeeder 1000, n.d.). The key differences between the CA-Seeder degree of mechanization and the
hand seeders are seedbed preparation and consistent seeding depth; significant challenges to
developing reliable hand seeders. By including this higher degree of mechanization in the study,
a larger spectrum of technologies available to smallholder farmers can be considered.
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4.1.7 Control: John Deere MaxEmerge Conservation Planter
The John Deere (Deere and Co., E. Moline, IL) 7200 6-row, 30-inch row spacing is a
conservation planter with the following modifications: a double disk opener with vacuum seed
metering, Martin row cleaners, spoke wheel press wheels, and drag chains over the row (Figure
15). This set up is “typical” of conservation planters used in the US Midwest “Corn Belt”.

4.2 Site Description
The experimental area is a privately owned farm in Mt. Gilead, Ohio (40°36'18"N
82°40'32"W). In the corn residue trial, the soil series is a Condit silt loam (Aquic Hapludalf). In
the soybean residue trial, the soil series is a Bennington silt loam (Aquic Hapludalf). The farm
has been under a CA system – maintaining crop residues, 7 years of no-till using a corn-soybean
rotation. In the corn residue trial, 1-year-old corn residue was present. In the soybean residue
trial, 2-year-old corn residue and 1-year-old soybean residue was present.
The climate of the area is considered a humid, continental, mild summer and wet
throughout the year (Dfb according to Köppen-Geiger, Kottek et al., 2006).

4.3 Experimental Design
The experimental design of each trial was a completely randomized design
(CRD) with 4 replications. Each plot was 15 feet by 30 feet and received one of 7 treatments:
dibble stick, OSU Greenseeder, Chinese planting hoe, Brazilian Jab, Haraka Rolling Punch, CASeeder and John Deere MaxEmerge (control). 15-foot buffers were placed between each set of 4
plots and a 5-feet buffers was placed around each experimental area.
Two separate blocks with different crop residues were set to allow for replication over
residue type, corn and soybean (Sonnefeld, 2008; Mahmood et al., 2008; Thiagalingam et
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al., 1991b; Migliorati et al., 2014; Du et al., 2004). Limitations of the study did not allow for
replication over growing seasons.
The operator planted the middle 4 rows; the CA-Seeder planted the outer 2 border rows
of each plot for all treatments except the control (6-row John Deere MaxEmerge Conservation
planter). For the corn residue plots, corn was planted in the inter-row from the previous corn
crop. In the soybean residue, rows were measured out with flags at every 76.2 cm at north and
south of plots because guides were needed in the absence of the previous year’s crop rows. Plots
were planted with Pioneer Brand P0604AM (1657 kernels lb-1), a 106-day corn. The corn residue
plots were planted with Pioneer Brand P1395HR (1204 kernels lb-1), a 113-day corn.

4.4 Methods of Data Collection
Soil properties were measured for both residue types at the time of planting, 4 May 2015
for the corn residue plots and 14 May 2015 for the soybean residue plots. Soil strength/surface
hardness at time of planting (Godwin, 1991) was measured using a Drop Cone Penetrometer,
where 15 measurements are taken in ‘W’ pattern throughout area and averaged for the corn
residue plots and the soybean residue plots. 10-soil cores taken to a 15.2 cm depth in ‘W’ pattern
were taken throughout trial areas to measure soil moisture and bulk density (USDA NRCS,
2004). The samples were then weighed for fresh weight (kg), dried in oven to constant weight.
Additional soil samples from both trials, corn residue and soybean residue, were taken in order to
compare soil properties and obtain baseline measurements of pH and nutrients. Ten samples
were taken from each trial at 15.2 cm-depth; the 10 samples per trial were then pooled into a
composite sample and sent to the University of Tennessee Soil, Plant and Pest Center (Nashville,
TN).
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Figure 1-15. Images of Seeders tested and control (Appendix 2 for image citations)

Figure 1. South
American longhandled dibble
stick

Figure 2. Longhandled crowbar
dibble in SSA

Figure 3.
Tapered pry bar
dibble stick
being used in
study

Figure 4. OSU
Greenseeder
being used in
maize seeding
in SSA

Figure 5. OSU
Greenseeder tip
penetrating soil
surface; notice
adjoining convex
lead opposite the
shovel tip and
the rotating

Figure 6. OSU
Greenseeder shovel
tip; different shovel
tips are available for
different soil types

Figure 7. OSU Greenseeder from tip to hopper/handle
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Figure 9. Li Seeder downward view
of the hoe tips; seed comes from one
tip and fertilizer from the other.

Figure 8. Li Seeder
full view; fertilizer bag
was wrapped around
seed hopper for the
experiment

Figure 10. Li Seeder being
used in the field with dualfertilizer application

Figure 11. Brazilian
jab by Fitarelli,
showing handles made
of treated wood,
double narrow beaks,
crampon made of
steel, independent seed
and fertilizer
containers.
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Figures 12. Haraka Rolling Punch seeder: full view of steel
star wheel with planting spokes, plastic seed hopper barrel
attached to the side and small wheel for guiding.

Figures 13. Haraka Rolling Punch seeder in field operated
by female seeder

Figures 14. CA-Seeder 1000 in field experiment
with John Morrison (University of Tennessee)
operating.

Figures 15. John Deere MaxEmerge conservation
seeder, 6-row vacuum seeder, double disk opener with
Neal Eash (University of Tennessee) operating.
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Residue cover was measured using with Line Transect Method (Wollenhaupt and Pingry,
1991). For each plot, a tape measurer was laid diagonally across at 762 cm. At every 15.2 cm
increment, residue was noted affirmatively or not. Out of 50 increments, the number of ‘Yes’s is
multiplied by 2 for a % of Residue Cover. Values were averaged for each treatment and means
were analyzed with Tukey’s mean separation in SAS 9.4 (Cary, N.C).
Planting density was a variable of interest as it indicates how reliable the expected
populations are in relation to performance in a no-till environment. Seeders were evaluated on
how closely their respective plant populations achieved the plant density 34,000 plants per acre.
The dibble, the CA-Seeder and the John Deere MaxEmerge were tested but were expected to be
the most reliable in establishing the desired plant population for the control afforded by 100%
manual operation in the dibble and highly mechanized control in the CA-Seeder and John Deere
MaxEmerge. Limited resources, terrain and precedence largely dictate farmer practice of
planting density throughout the developing world but, current practice in many regions of SSA,
Central and South America and Asia is to hill seed (2-4 seeds per hill) at average of 35 cm apart
(Chim et al., 2014). As such, an objective of this study was to compare ultimate grain yield to
differences in established plant populations from single-seed planting.
Chim et al. (2014) have explored planting densities with hand seeders and argue a 25% yield
increase on 60% of hand planted maize crops if single seeds were planted 14-17 cm apart (Chim
et al. 2014). Optimal yield can be obtained if an optimal seeding rate (seeds per ha) is employed
(Breece et al., 1981). Significant difficulty has been found with particular seeders (i.e. Brazilian
jab seeder and Chinese planting hoe) for not achieving a reliable, controlled seeding rate.
Seeding maize above the optimal seeding rate leads to an increased risk of competition stress at
critical growth stages and resulting yield reductions (Haag, 2008). Wijewardene and
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Waidyanatha (1984) have indicated that in many parts of the world, maize is planted at
one seed per hole and maximum yields achieved. For subsistence growers in particular, planting
any unnecessary purchased seed can be cost prohibitive and excess seeding and thinning can be
economically and socially unreasonable (Smith et al., 2002). Chim et al. (2014) showed that
single seeding at 0.16-m spacing increased yields by 0.2 – 0.9 Mg ha-1. This was compared to 23 seeds per hill at 0.48-m plant spacing. Chim et al. (2014) argues that single seeding not only
improves homogeneity of the plant population but also decreases inter-plant competition and can
improve yield potential.
A metered PVC pipe marked with 15.2 cm increments was used to maintain uniform
distance between manually spaced seeding holes. Control of seed rate and density are crucial to
achieve plant stand uniformity. Nafziger et al. (1991) explains that non-uniform plant stands can
increase inter-plant competition and decrease yields. Others report that grain yields from diverse
environments can be increased up to 3.4 bu. ac-1 for every inch improvement in the plant spacing
standard deviation (Doerge et al., 2002).
N, phosphorous (P) and potassium (K) were broadcast hand- applied according to soil
tests, to ensure that these elements were not limiting. N was applied as granular urea (46-0-0) at
112.09 kg N ha-1 (1.02 kg plot-1), P as triple super phosphate (0-45-0) at 112.09 kg P ha-1 (1.04
kg plot-1) and K as potash (0-0-60) at 112.09 kg K ha-1 (0.78 kg plot-1) (See Appendix 2 for
fertilizer calculations).
Plant population was measured at the 3-leaf growth stage (V3) (Gibson, 2014). For each
plot the number of plants per 1/1000th of an acre (17.45 ft.) were counted on the two middle
rows. Crop height (Yin et al., 2011) was measured with a meter stick by randomly selecting 6
plants from the two middle rows of each plot at 3-leaf growth stage (V3) and 6-leaf growth stage
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(V6). Plant height was measured from soil surface to the top of the extended flag leaf. A mean
plant height was calculated for each plot.
Given the small plot size (450 ft2) plots were harvested by hand. It was also important to
mimic smallholder non-mechanized harvest techniques. The Food and Agriculture Organization
(De Lucia and Assennato, 1994) indicates methods of hand harvest most widely practiced among
smallholder growers (they note as farming on less than 12 ha): ears are pulled from stalk without
a tool (average manual harvest of maize ranges from 120-200 man-hours per ha) (De Lucia and
Assennato, 1994). Maize was harvested on 22 October 2015. All plants were harvested in the
two middle rows. Stalks were counted and recorded 5 ft. inside the plot for 1/1000th acre (17.45
ft). All ears harvested in the same 1/1000th acre, were counted and recorded. Husks were left on
the ears to maintain moisture content at harvest time. All ears were transported in grain bags
from Mt. Gilead, Ohio to the University of Tennessee, Knoxville to be processed. All leaves and
husks were removed from ears; total ear weight was measured for each plot. Ears were shelled
from cob using a hand-powered rotary Maximizer™ Corn Sheller. Total grain weight and cob
weight were measured and recorded. Grain moisture and density were measured using a DickeyJohn Mini Gac Moisture Tester™. Dry grain weight was corrected for 15.5% moisture (Lauer,
2002) and ear-stalk ratio was calculated using recorded counts of each per row.
Because of the difference in plant population, an ear-stalk calculation was made to
accompany grain yield data. Studies comparing corn varieties in silage production utilized earstalk ratios (Hemken et al., 1971; Bryant et al., 1966). An ideal ear-stalk ratio would be 1 or
higher, indicating every stalk has one or more ears. In this way, the seeders would be compared
based on the numbers of ears present for every stalk.
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4.5 Statistical Analyses
Residue cover, plant population, crop height, grain yield and ear-stalk ratio data were
analyzed using mixed models analysis of variance in SAS 9.4 (Cary, NC). Least squares means
were separated using Tukey’s significant difference test at α =0.05. To mitigate variation from
differences in residue, a covariate on residue was tested but was found significant (p<0.05) in
only one data set so the covariate was not applied to any data sets. The model is %mmaov(one,
Average, class=treat rep, fixed=treat, random=rep ). All SAS output is provided in Appendix 6.

5.0 Results
Overall results of crop growth, development and yield were greatly affected by highly
unusual rainfall patterns in 2015 (Figure 16). Regional averages for May, June and July, the
months of planting and major crop growth, are respectively 115, 121 and 110 mm. Compared to
2015, May received 83 mm, June 301 mm and July 64 mm of rainfall. Abnormal rainfall for the
region had significant impact on all data: 643.2 mm during the growing season (May to October)
as opposed to the regional average of 590.8 mm during the growing season. Nearly 200 mm fell
over a 6-day period; 500 mm in a 22-day period and drought conditions during silking. The
distribution of rainfall throughout the growing season was incongruous to crop needs:
abnormally low rainfall at time of planting and during crop root establishment and large amounts
of rainfall at the time of fertilizer application on 4 June 2015. This had significant impact on the
data compared to typical years; however, the planting conditions mimic even more acutely the
conditions of the smallholder grower with unwieldy weather patterns and harder soil surfaces.
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Figure 16. Monthly Rainfall comparing regional average (Morrow County) to 2015
average.

For both residue types, basic soil characteristics are as expected in a silt loam. Although
surface hardness cannot be statistically compared because they were taken on different days
(associated with planting time), they were taken within 10 days of each other and indicate a
harder soil surface in the soybean residue, with its less covered surface as compared to the corn
residue plots (Table 2).
Surface cover as % residue was compared between treatments and was statistically
insignificant in both residue types; the seeders were being evaluated on the same % surface cover
in the corn residue plots and the soybean residue plots (Table 3). As with the soil characteristics,
% cover could not be compared between corn residue and soybean residue because they were
taken at their respective planting dates 10 days apart.
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Table 2. Soil characteristics in corn and soybean residue plots a
Soil Surface
Gravimetric
Volumetric
Hardness
Bulk Density
Type of Residue
Moisture
Moisture
Penetrometer
(g/cm3)
3
Content (g/cm ) content (g/cm3)
(mm)
6.85
1.40
23.03
32.49
Corn Residue
5.65
1.13
23.98
26.48
Soybean Residue
a
Measurements cannot be statistically compared between residue types as soil samples were
taken on different days (4 May- Corn Residue; 14 May Soybean Residue)

Table 3. Surface cover for five seeders
Seeder

Residue Surface Cover (%)

Dibble Stick

Corn
Residuea
91.5

Soybean
Residuea
66.8

OSU Green-seeder

89.5

61.5

Chinese (Li) Planting
Hoe
Brazilian Jab

95.0

64

94.5

53.5

Haraka Rolling Jab
Seeder
Overall

90.7

N/Ab

91.11

61.45

a

No statistical difference for values within each column
Haraka broke down after 45 ft. in the corn residue trial before the
soybean residue trial took place
b
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It should be noted that 3 seed wheel spokes broke on the metering device of the Haraka
rolling seeder after 13.7 m of planting in corn residue. It is presumed the amount of residue
proved too much resistance for this seeder. For this reason, the Haraka rolling seeder treatment
was not used on all replications and was excluded from data analysis.

5.1 Corn Residue Results: Crop Growth, Development and Yield
5.1.1 Plant Population, V3 Growth Stage in Corn Residue
Significant differences were found between seeders (p<0.001) with the Dibble Stick
achieving the closest to 34,000 plants ac-1 (or 34 plants 1/1000th ac-1) desired density (31 plants
1/1000th ac-1) (Figure 17) (SAS output, Appendix 6.1). The Brazilian Jab and the Chinese
Planting Hoe had significantly higher populations (38 and 40 plants 1/1000th ac-1 respectively).
These two seeders both displayed similar difficulty: their seed meter mechanism was very
sensitive to a harder soil surface and to residue, causing more seeds to be released than expected.
The dibble stick was statistically the same as the John Deere MaxEmerge (29 plants 1/1000th ac1

) and the CA-Seeder (28 plants 1/1000th ac-1). The most archaic of instruments performed

equally well to the most mechanized seeders in establishing a plant population—one would
expect this degree of similarity given the dependability found in each. The OSU Greenseeder had
significantly lower plant populations than the desired 34 plants at 22 plants 1/1000th ac-1 –
operator notes indicate that seed bounced off of residue from the moment it left the end of the
hopper and fell toward the hole.
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Figure 17. Plant population between seeders in corn residue plots

5.1.2 Crop Height, V3 Growth Stage in Corn Residue
Significant differences were found between seeders (p<0.05) at the V3 growth stage
(SAS output, Appendix 6.2). The CA-Seeder had the highest crop height (33.4 cm) but was not
significantly different from the Brazilian Jab (29.5 cm) or the Chinese Planting Hoe (31.1 cm)
(Figure 18). The John Deere had the lowest crop height (26.0cm) and was significantly different
from OSU Greenseeder (29.5 cm) and the Dibble (29.2 cm). The Brazilian Jab, Chinese Planting
Hoe, OSU Greenseeder and the Dibble stick had statistically equal crop height, highlighting a
similar planting depth among these seeders that yielded similar crop heights at this growth stage.
5.1.3 Crop Height, V6 Growth Stage in Corn Residue
By the V6 Growth stage (Figure 19), the treatment effects appear to have diminished and
no significant differences were found between the crop heights of the treatments (p> 0.05) (SAS
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Figure 18. Crop height at 3-leaf vegetative growth stage between seeders in corn residue
plots.

output, Appendix 6.3). The nodal root system is established by this vegetative stage but the stalk
is rapidly elongating with new leaves emerging every 3 days (Darby and Lauer, 2004). During
this stage, differences in planting depth and plant density have equalized.

5.1.4 Grain Yield and Ear-Stalk Ratio in Corn Residue
Yield data indicated the OSU Greenseeder acheived the highest mean grain yield (4.83
MT ha-1) but was not significantly different then all other treatments in grain yield (p>0.05)
(Figure 20) (SAS output, Appendix 6.4). The CA-seeder reported a mean grain yield 3.90 MT
ha-1, the John Deere MaxEmerge with 3.11 MT ha-1, the Chinese Planting Hoe with 3.04 MT ha-1
and the Brazilian Jab with 3.20 MT ha-1. Differences in plant population and crop height appear
to have been equalized between treatments by the time of harvest; such significant differences in
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crop growth and development early in the growing season did not affect the resulting grain
yields.

Figure 19. Crop height at 6-leaf vegetative growth stage between seeders in corn residue
plots.

Similarly, the ear-stalk ratio (Figure 21) indicated no significant difference between
treatments (p>0.05), but all treatments acheived lower than 1 ear per stalk (SAS output,
Appendix 6.5). These results suggest all seeders, despite varying planting depths, had difficulty
under the abnormal climate conditions of the growing season.

5.2 Soybean Residue Results: Crop Growth, Development and Yield

5.2.1 Plant Population, V3 Growth Stage in Soybean Residue
Significant differences were found between seeders (p<0.0001) with dibble stick
achieving closest to the desired population (34 plants 1/1000th ac-1) (Figure 22) (SAS output,
Appendix 6.6). The Brazilian Jab and the Chinese planting hoe had excessively high
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Figure 20 Grain yield corrected for 15.5% moisture between seeders in corn residue plots.

Figure 21. Ear-stalk ratio differences between seeders in corn residue plots.
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populations (74 and 71 plants 1/1000th ac-1 respectively) while the remaining treatments had
plant populations significantly closer to the target of 34,000, dibble stick (34 plants 1/1000th ac1

), John Deere (32 plants 1/1000th ac-1), CA-Seeder (29 plants 1/1000th ac-1) and OSU (43 plants

1/1000th ac-1). Similar to their performance in the corn residue plots, the seed metering
mechanisms in the Brazilian Jab and the Chinese planting hoe were easily disrupted by the
impacts with hard soil surfaces and more seeds were dispensed as a result. The waste of seed in
this instance indicates the need for improvement to the sensitivity of the seed metering
mechanism if these seeders are to be employed on harder soil surfaces found in no-till
environments.

Figure 22. Plant population between seeders in soybean residue plots

5.2.2 Crop Height, V3 Growth Stage in Soybean Residue
Results indicate significant differences between seeders (p=0.0370) (Figure 23) (SAS
output, Appendix 6.7). Least squares are reported showing the OSU Greenseeder with the
highest crop height (59.5 cm), which was not significantly different from the Brazilian Jab (55.8
37

cm), the dibble stick (56.7 cm), the CA-Seeder (55.52 cm) and the Chinese Planting Hoe (53.1
cm). These treatments were significantly higher than the John Deere (44.7 cm). Reiterating the
findings from the corn residue plots, differences in planting depth can be intimated, affecting
inter-crop competition, root establishment and crop height. The higher crop height of the dibble
stick and OSU Greenseeder could be the result of stronger root establishment if a more ideal
planting depth for nutrient and water uptake was achieved. The John Deere MaxEmerge’s low
crop height is not well understood, considering it has the most consistent seeding depth and plant
spacing.

Figure 23. Crop height at 3-leaf vegetative growth stage between seeders in soybean residue
plots.

5.2.3 Crop Height, V6 Growth Stage in Soybean Residue
By the V6 growth stage, treatment effects between seeders have diminished (Figure 24)
(SAS output, Appendix 6.8). The dibble stick had the highest crop height at 91.4 cm but there
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was no significant difference between crop heights of the seeders (p>0.05). Stalk elongation and
leaf production has occluded differences in planting depth and plant density.

Figure 24. Crop height at 6-leaf vegetative growth stage between seeders in soybean residue
plots.

5.2.4 Grain Yield and Ear-Stalk Ratio in Soybean Residue
Grain yield data indicates no significant difference between seeders (p=0.1285)—the
hand seeders performed equally as well as the CA-Seeder riding seeder and the control, the John
Deere MaxEmerge (Figure 25) (SAS output, Appendix 6.9). The highest grain yield was the
dibble stick (3.40 MT ha-1) followed by the John Deere MaxEmerge (2.30 MT ha-1), CA-Seeder
1000 (2.27 T ha-1), the OSU Greenseeder (1.51 MT ha-1), the Li Seeder (1.01 MT ha-1) and,
lastly, the Brazilian Jab (0.87M T ha-1). Despite significant differences in plant populations and
differences in planting depth, hand seeders achieved comparable yields to the most mechanized
and developed technology in the study. Such findings highlight that lower yields in the
developing world do not necessarily stem from a lack of technology in seeding and focus should
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be turned to improving soil fertility. The comparative labor involved in seeder technology for the
developing world, however, should be the focus of developers and the NGOs collaborating in
development.
The Ear-Stalk ratio was significant (p<0.0001) with the CA-Seeder achieving the highest
(0.92), not significantly different from the dibble stick (0.86 ears to stalk) and the John Deere
(0.87 ears to stalk); these seeders existing on either extremes of technology and providing the
same results (Figure 26) (SAS output, Appendix 6.10). The OSU Greenseeder followed with a
lower ratio of 0.76 ears to stalk. The fact that none of the seeders obtained the expected 1 ear to 1
stalk that would be expected point to the abnormality of the climate during this growing season.
Comparisons between the seeders do suggest that the Chinese planting hoe and the Brazilian
jab’s high plant populations were a detriment to their ability to produce ears on all stalks.
Although not examined in this study, grain quality and mean size of ears would be
complementary indicators of desired yield between seeders as many of the ears in the Chinese
planting hoe and Brazilian jab were half the size of normal ears (See Appendix 5 for images of
grain yield by comparison).

6.0 Conclusion
The study found that despite the great range in mechanization, the seeders of
interest performed equally to John Deere MaxEmerge (the control) and, in some cases,
outperformed it. Crop growth and development results highlight differences in planting depth at
early growth stages and plant populations between the seeders in both the soybean residue and
the corn residue plots. These differences, however, are equalized by harvest with no significant
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Figure 25. Grain yield corrected for 15.5% moisture between seeders in soybean residue
plots.

Figure 26. Ear-stalk ratio differences between seven seeders in soybean residue plots.
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differences in either residue type for grain yield. Comparable yields between treatments
underscore that increased maize yields are not solely a function of the seeder or seeding depth
but many other factors beyond the scope of this study may play a role, such as soil fertility, water
holding capacity and climatic conditions particularly in developing countries. Significant
differences in ear-stalk ratios in the soybean residue indicate that the most archaic seeding tool,
the dibble, performed equally to the mechanized CA-Seeder and the control; plants without ears
are not a viable use of farmer inputs and all other treatments were below 0.7 ears to stalks. The
fact that ear-stalk ratios were not, however, significantly different in the corn residue highlights,
although not statistically, that the harder the soil surface as found in the soybean residue, the
more difficulty the internal mechanisms had penetrating the soil surface and metering seed
accurately. It should be noted that this was an odd climatic year. In a year of average rainfall and
rainfall distribution, it would be expected to have overall stronger crop growth and development
and higher grain yields among all treatments.
The grain yield and ear-stalk ratio are not, however, indicative of the grain quality – as
the ears from the higher plant populations of the Brazilian Jab and the Li Seeder were very small,
difficult to process and more often molded. This is most likely the result of high plant
population; more plants are competing for nutrients and water and each plant lacks the ability to
grow large, healthy ears. Further comparisons of grain quality between seeders would be
important before making recommendations for seeders. Also worthy of exploration is the
ergonomic biases of maize seeders, whether culturally or by gender and how research can
explore the usability of current designs. Smallholder farmers, seeding their crops in an
increasingly unpredictable climate and under increasingly strained soil conditions, can employ
CA to improve resilience and soil fertility in their cropping system. But to do so, these farmers
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need a tool, a technology to allow them to realize a CA model and, in so doing, provide a
sustainable livelihood for them and future generations.
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8.0 Appendix
Appendix 1. Contacts and Manufacturing Information on Seeders
1.2 OSU Greenseeder
Manufacturing: Kenneth Burk CabFabWelding.com
5200 South Kansas Road
Newton, KS
kenneth@cabfabwelding.com
Oklahoma State University
Department of Plant and Soil Sciences
Agricultural Hall
Stillwater, OK 74078-6028

1.3 Li Seeder
Company: Yunfan machinery manufacturing Co., LTD, Qingyuan county, Liaoning province,
China YuanFan Company website: www.qybzg.com,
Conservation Tillage Research Centre: www.cn-ct.net
Contacts: Li Yan: 362248610@qq.com, yanli1982006@163.com
1.4 Brazilian Jab
Manufacturer: Fitarelli
Street Etelvino Pes, 30
Industrial District - 99700-000
Aratiba - RS - Brazil Phone / Fax: (54) 3376-1198
http://www.fitarelli.com.br/
1.5 Haraka Rolling
Manufacturer: Eden Equip
P.O. Box 70125
Miederpark
Potchefstroom, 2527
Contact: email: info@eden-equip.co.za
fax: 086 694 7465
web: www.eden-equip.co.za

1.6 CA-Seeder
Morrison Seeders: Conservation Agriculture for Small Farms
John Morrison
Contact: SeederInfo@WHTFound.org
http://www.morrisonseeders.com/
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Appendix 2.
Image citations:
Dibble: Image: Accessed 7 July 2015, http://www.tropagfieldtrip.cornell.edu/tradag/pslashmulch.html
http://grassrootstrust.com/2014/03/scratch-dibble-slash-weed-maize/; Deb O’Dell, 2015.
OSU Images: Accessed 7 July 2015 http://www.nue.okstate.edu/Hand_Seeder.htm
http://www.nue.okstate.edu/Hand_Seeder/Uganda/topdress_b.jpg and Rebecca Harman, 2015.
Chinese
Image: Accessed 7 July 2015, http://www.growingnations.co.za/conservationagriculture/equipment/ and Rebecca Harman, 2015.
Brazilian
Images: Accessed 7 July 2015, http://www.infonetbiovision.org/default/ct/254/soilFertilityManagement
http://www.fao.org/News/2000/000501-e.htm
Haraka
Image: Accessed 7 July 2015, http://www.growingnations.co.za/our-work/haraka-seeder/
Morrison
Images: Accessed 7 July 2015, http://www.morrisonseeders.com/?page_id=14
JD
Image: Courtesy of Deb O’Dell, University of Tennessee, 2015.
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Appendix 3. Design Blueprints

1.1 OSU Greenseeder: Steps of seed metering with reciprocating drum and spring movement
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1.1 Li Seeder : Manufacturers Blueprint

51

Appendix 4: Fertilizer Calculations
2.1. Nitrogen
Rate: 100 lbs N/Acre as granular urea 46-0-0
100 lbs fertilizer/ .46 = 217.39 lbs fertilizer/Acre
217.39 lbs fertilizer x
1 Acre

1 Acre x 450 ft2 = 2.25 lbs fertilizer/plot = 1.02 kg plot-1
43,560 ft2
plot

2.2. Phosphorus
Rate: 100 lbs/Acre as Triple Superphosphate 0-45-0
100 lbs fertilizer / 0.45 = 222.22 lbs fertilizer/Acre
222.22 lbs fertilizer x 1 Acre x 450 ft2 = 2.29 lbs fertilizer/plot= 1.04 kg plot-1
1 Acre
43,560 ft2
plot

2.3. Potassium
Rate: 100 lbs/Acre as Potash 0-0-60
100 lbs fertilizer / 0.60 = 166.67 lbs fertilizer/Acre
166.67 lbs fertilizer x 1 Acre x 450 ft2 = 1.72 lbs fertilizer/plot = 0.78 kg plot-1
1 Acre
43,560 ft2
plot
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Appendix 5. Yield Images
5.1 Soybean Residue grain yields, from left to right: John Deere MaxEmerge, Brazilian Jab, CASeeder 1000, Li Seeder, dibble stick
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5.2 Corn Residue grain yields, from left to right: John Deere MaxEmerge, Brazilian Jab, CASeeder 1000, Li Seeder, dibble stick
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Appendix 6. ANOVA Output (SAS 9.4, Cary, N.C.)
*B represents Brazilian Jab, C represents Li Seeder, D represents dibble stick, H represents
Haraka, J represents John Deere, M represents CA-Seeder 1000 and O represents Greenseeder
6.1 Corn Residue, Plant Population, 3-June

6.2 Corn Residue, Crop Height (cm) at V-3, 3-June
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6.3 Corn Residue, Crop Height (cm) at V-6, 22-June

6.4 Corn Residue, Grain Yield (MT ha-1)
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6.5 Corn Residue, Ear-stalk Ratio

6.6 Soybean Residue, Plant Population, 22-June
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6.7 Soybean Residue, Crop Height (cm) at V-3, 22-June

6.8 Soybean Residue, Crop Height (cm) at V-6, 10-July

6.9 Soybean Residue, Grain Yield (MT ha-1)
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6.10 Soybean Residue, Ear-stalk Ratio
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CHAPTER 2
Not by Yield Alone: An Economic and Qualitative Assessment of Hand
Seeders for the Developing World

60

1.0 Abstract
A crop seeder is a technology used to place seed at depth in soil, improve yields and decrease
farmer labor and drudgery. Many variations of crop seeders exist throughout the world but the
most elementary crop seeders are hand or manual seeding devices, which have the potential to
greatly improve the livelihoods of smallholder farmers. In a Conservation Agriculture model,
accurately placing seed through residue cover and firm, non-plowed soils is one of many
challenges. Soil conditions, use of residues of soil protection, marginal soils and landscapes and
cultural precedence make providing new technologies to smallholder growers in CA complex.
Yet, specific “hand seeders” should not be recommended solely based on crop yield results
alone; qualitative and economic evaluations are crucial before recommending these to nongovernmental organizations, governments, agricultural cooperatives or individual smallholder
farmers. Five manual hand seeders were tested in the planting of maize (Zea mays, L.) when
planted in long-term no-till plots in Mt. Gilead, Ohio. Two trials, one in maize residue and one in
soybean (Glycine max, L.) residue were conducted. Experimental conditions emulated
smallholder conditions from seeding to harvest method. Results from this study suggest that
improved mechanization must be counterbalanced with usability, effectiveness in the field and
economic viability and that manual seeding technology often is not properly tested beyond crop
studies. The experiment was arranged in a completely randomized design with four replications.

2.0 Keywords
Hand seeder. Conservation Agriculture. No till. Qualitative. Usability. Maize. Durability.

3.0 Introduction
As diversified as agricultural practices are throughout the world, the task of all farmers is
to place seed in soil at a correct depth and spacing. In a 10,000-year history of cultivation,
humans have conceived of a plethora of ways to seed crops and the resulting technologies vary
considerably depending on climate, soil type, crop, financial means and trade, among others.
Underlying these external factors is the operator: the individual who handles the tool, whose
livelihood depends solely upon agricultural output. For a smallholder farmer, or one who
cultivates 2 ha of land or less (IFAD, 2013), a tool has the potential to lessen labor requirements,
improve the effective field capacity of agricultural tasks and improve crop yields with more
consistent seeding depth and spacing. The operator depends on his or her given tool, as they are
“efficient companions in crop production at the subsistence level” (Odigboh, 1999). As such, the
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ease of use, ease of learning and general repair –the usability– is of high priority to a smallholder
farmer. If the farmers cannot comfortably and effectively use the tool and easily fix it, claims of
high crop yields mean little. Furthermore, if the smallholder farmer cannot afford the tool,
usability and yields are irrelevant. Lastly, the tool needs to seed reliably at a consistent depth
and plant population.
Human power remains the primary means of agricultural production in the world with
59% of agricultural production accomplished completely without animal or engine power in
Latin America and 89% in Africa (Comsec, 1990). Despite significant efforts to increase
mechanization in developing countries, human powered tools remain the predominant means of
work. It is for this reason that continued investment has been made in hand-tool technology
(HTT) which constitutes the most common mechanization level for smallholder farmers,
especially in SSA (Africa, 2013). Although farm production could dramatically increase with the
use of mechanized systems of land preparation or planting, reluctance to accept new technology
often undermines investment projects and development programs; employing a new tool or new
equipment often means changing age-old agricultural practices and assuming great risk for the
farmer’s livelihood.
From Asia to SSA, the smallholder farmer is under growing pressure to increase food
production for a growing population while also being pushed to more marginalized, less
productive lands (Lal, 2000). Although smallholder farmers grow 70% of the world’s food, food
production in the developing world, including SSA, South and Southeast Asia and South
America, must increase by 70% by 2050 to meet the particularly dramatic projected population
growth in these regions from 898 million in 2013 to 1.8 billion in 2050 (Alexandratos and
Bruinsma, 2012; Bruinsma, 2003; FAO, 2011). CA has been explored and promoted throughout
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the Americas and its benefits measured for agricultural, economic and environmental benefits
(Tyler et al., 1983; Langdale et al., 1991; Pimental et al., 1995). Now, CA’s potential in the
developing world is of growing interest. Of heightened importance is how no-tillage practices
may ameliorate the soil degradation and nutrient deficiency; a growing concern for crop
production in the less developed regions of the world (Benites et al., 1998; Ekboir, 2002; Ares et
al., 2015). Such practices can mitigate the effects of higher soil temperatures, soil organic matter
loss, reduction in crop seedling establishment and rainy season erosion (Gould et al., 1996).
Marongwe et al. (2011) explain that CA systems have a higher adaptability to climate change
due to higher rainfall use-efficiency from higher infiltration, and minimized flooding and
erosivity. Higher water retention means lower erodibility, more water for crop consumption and
rooting zones with higher moisture than conventional tillage (Thierfelder and Wall, 2010;
Kassam et al., 2009). Furthermore, nutrient use efficiency is improved as higher soil moisture
extends the period of nutrient uptake. In Zimbabwe, observations indicate higher germination
rates and improved resilience to moisture stress in maize in CA systems (Ministry of Agriculture,
Mechanization and Irrigation Development, 2010 a and b).
But implementing a CA system and maintaining protective crop residues on the surfaces
(when possible) proves to be challenging for traditional planting practices—many implements
simply cannot penetrate through crop residues on the soil surface and operate without continual
blockages. Identifying hand seeders that can successfully plant in minimum-to-no-tillage is
crucial for the widespread adoption of CA by smallholder farmers in the developing world. In
general, hand seeders aim to accelerate the process of planting while also reducing labor and
possibly providing more ergonomic designs to reduce operator fatigue. Improved field capacity
and labor reduction are the main objectives, but ergonomic usability is paramount for improving
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the livelihoods of smallholder farmers. The successful use of a CA hand seeder does not depend
on high yields alone. Studies have examined the repetitive manual labor associated with hand
hoes and other implements, which force the user to bend continuously, documenting associated
muscoskeletal injuries and chronic pain, most notably among its most common users, who are
predominantly women (Fathallah et al., 2008, Janowitz et al., 2000). Furthermore, cultural
expectations largely dictate the ultimate adoption and utilization of any implement. For instance,
even if non-manual mechanization (animal or engine-powered) is made available, many farmers
tend to retain the precision afforded by manual, hand-held implements based on cultural
precedence and cost to operate and maintain (Sims, 1996; Karim, 2001). Likewise, cultural
paradigms exist around gender roles in labor, use of farming equipment, farm management and
training throughout the developing world; women are widely expected to attend to fieldwork
(seedbed preparation, weeding, planting, etc.) with short-handled hand implements (IFAD,
1998).
A key constraint to the adoption of a CA system is socio-economic wherein a new
technology must be considered suitable for use based on both the micro-socio-economy of the
smallholder farm and the macro-socio-economy of the region and country. An in-depth analysis
of the socio-economics of farm technology and mechanization of seeding is beyond the scope of
this paper but the significance of socio-cultural and economic analysis cannot be understated.
The economic implications of improving a farm practice can include:
increasing the efficiency of labour, reducing costs, increasing the area cultivated,
undertaking more timely production, improving the quality of cultivation, increasing
yields, adopting new crops, reducing harvest and post-harvest losses, and earning a rental
income through hiring farm-power services to others (Bishop-Sambrook, 2005).
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These economic benefits accompany the many social advantages of improved farm practice,
such as lessening drudgery and participating in other economic activities. For the purpose of this
study, socio-economic assessment is focused on cost and effective field capacity of the seeders
under consideration and projected over smallholder agriculture in major regions of the
developing world. Effective field capacity, as used in this thesis, refers to the measure of
machinery to perform a job in a given area and time (ASABE, 2015; Hanna, 2002). Efficient
operation of machinery – however mechanized or un-mechanized – is critical to the success of
that machinery and effective field capacity is required to determine efficiency (Lar et al., 2011;
Amiama et al., 2008).
The energy expenditure and effective field capacity for crop establishment has been
compared between a conventional tillage system and a no-till system (Wijewardene, 1978).
Findings in tropical farming conditions indicate a conventional system of disc, plow, disc,
harrow twice and plant which demands approximately 4 passes, 235 MJ ha-1 of energy and
approximately 5.4 hr. ha-1 of labor. On the other hand, no-till consisting of mow, spray herbicide
and plant necessitates 3 passes, uses approximately 52 MJ ha-1 of energy and 2.3 hr. ha-1 of labor.
Total labor hours (field preparation, seeding, weed control, fertilizer application and plant
protection) in the conventional system were approximately 515 hours verses 48 hours in the
zero-tillage system under small-scale production of maize and cowpea.
Reducing labor hours and energy expenditure is crucial to improving the livelihoods of
smallholder growers, especially for women growers. Women make up about 43% of the
agricultural labor force in developing countries and, in SSA and eastern and southeastern Asia up
to 50% (FAO, 2012). Gupta (2009) states that women are responsible for seeding approximately
60 to 80% of food crops in developing countries as well as land preparation, seeding and
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weeding. These tasks are normally performed in a bent position with minimal short-handled tools
– a method used for generations; many studies have indicated the muscoskeletal pain and injury
from continuous work in such a fashion (Vanderwal et al., 2011; Rogan and O’Neill, 1993; Kuye
et al., 2006; Nag and Nag, 2004; Vanderwal, 2009). Women play this central and critical role in
agricultural production and yet have restricted access to land tenure rights, credit services and
extension services. They also have the additional workload of household duties, food preparation
and child rearing, all of which limit their capacity to improve income earning and participation in
rural labor markets (S.O.F.A. Team and Doss, 2011). A CA model seeks to lessen overall farm
labor but, even more, the promise of improving yields affords the women smallholder farmers
the unique opportunity of enhancing their economic prospects with current holdings. By
reducing the labor associated with land preparation, CA is a viable and potent model for
improving the current and future prospects of women farmers and all smallholder farmers of the
world.

4.0 Materials and Methods
4.1 Hand Seeders Descriptions
Five hand seeders were assessed for their planting performance in a CA system, that is
continuous no-till with high residue levels (See specifications in Table 4). One trial was held in
corn residue and a second trial in soybean residue, both of the same soil type and slope.
The seeders considered in this study include the simplest, a dibble stick, to a more
mechanized rolling punch seeder, the Haraka rolling seeder. The first seeder, the dibble (also
called “dibbler” or simply “dibble”), is used to punch a small hole into the soil surface after
which seed is dropped in and the hole is covered and firmed under foot pressure (Table 4). It is
the most widely employed seeder throughout the developing world.
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The second seeder, the Oklahoma State University “Greenseeder”, that has been
designed as a mechanized stick/dibble seeder with the ability to meter seed and plant in a variety
of soil textures, tillage systems and moisture contents (Table 4). The foremost aim of this seeder
is to keep the farmers from holding chemically treated seeds in their hands (Chim et al., 2014).
The Greenseeder project targets affordability, adoptability and local in-country manufacturing
potential.
The third seeder is the Li Seeder (also referred to as a Chinese Planting Hoe) (Table 4). It
is used to penetrate the soil like a hoe and deposit metered seed and fertilizer out of the two tips
of the hoe with minimal soil disturbance. The motion for seed and fertilizer metering is provided
by the inertia of the internal mechanism when the hoe contacts the soil. The fertilizer is placed in
a bag worn by the operator and funneled down a tube; seed is contained in the metal shaft/handle
bar. No published research was found dealing with this seeder.
The fourth seeder under consideration is the Fitarelli Jab seeder from Brazil (Table 4).
Described as an “easy-to-operate dibble instrument,” the jab seeder is comprised of independent
seed and fertilizer hoppers mounted on two treated wooden members with handles at the top and
two metal beaks at the bottom, attached with a steel crampon, to penetrate the soil surface and
open a hole. The operator opens the handles to close the metal tips together, which actuates the
sliding seed metering mechanism in the bottom of the seed hopper. The seed falls into the
delivery tube and awaits dropping; a measured fertilizer dose acts in a similar fashion and is
laterally displaced from the seed. Then the closed seeder is ‘jabbed’ into the ground to penetrate,
the handles are forced together to open a hole and actuates the seed delivery mechanism in the
bottom of the seed hopper. An estimated 0.5 to 1.0 ha can be planted in a few days. One widelyrecognized downfall of the jab seeder is the poor control of seed metering; lack of control of seed
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metering leads to uneven planting density that can greatly decrease overall yield potential as well
as increase seed costs due to wasted seed (Aikins et al., 2010). Wijewardene (1978) claims that
the jab or “punch” seeder can inject seed through heavy maize residues of up to 6 t ha-1.
For visualization of the manual effort required when seeding with each of the four
aforementioned seeders, for a single-seed placement of 80,000 seed ha-1, some 80,000 individual
seeding holes must be manually made per ha.
The final seeder included in this study is the Haraka Rolling punch seeder. The concept
of a hand-pushed rolling seeder or “injection” seeder originated in the 1970s and 80’s in Nigeria
with International Institute of Tropical Agriculture (IITA) (Sims, 2013). Original designs were
comprised of a series of injection points around a wheel where each spoke of the wheel had its
own gravity-activated closing and ground-activated opening mechanisms (Wijewardene, 1978).
Traditional Nigerian farmers could increase their effective field capacity from the traditional ½
ha to 4 to 5 ha in the same amount of time (Adekoya, 1982). The manufacturer, Eden Equip,
explains that the Haraka was not designed from IITA blueprints but the basic concept is the same
(Jacobs, 2016). A NGO in Lesotho, “Growing Nations” has been developing a ‘No-till Rotary
Punch Seeder for Women’ in conjunction with Eden Equip (Growing Nations, 2014). Otherwise
known as simply the “Haraka”, this implement is designed for CA (zero to minimum tillage) and
to improve seeding field capacity, specifically for women growers. Designers sought to create an
implement acceptable to the Southern African market and to both men and women.

4.2 Site Description
The experimental area is a privately owned farm in Mt. Gilead, Ohio (40°36'18"N
82°40'32"W). In the corn residue trial, the soil series is a Condit silt loam (Aquic Hapludalf). In
the soybean residue trial, the similar soil series is a Bennington silt loam (Aquic Hapludalf). The
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Table 4. Specifications of seeders
Seeder

Origin

Extent of
Use

Weight

Dibble
Stick

US- Taper
posthole
digging bar1
Oklahoma
State
University

Widely used
throughout
LDC
Introduced
in El
Salvador
and
Guatemala
Not widely
used

7.9 kg

Heavily in
Brazil, SSA

OSU
Greenseeder

Li Seeder

Qingyuan
county,
Liaoning
province,
China

Brazilian
Jab

Fitarelli,
Brazil

Haraka
Rolling
Jab
Seeder

Eden Equip,
Potchefstroo
m, South
Africa

Seed (Maize)
Weight
Capacity
0 kg

Height

Fertilizer
Capacity

182.9 cm

None

1.9 kg,

> 1 kg of
seed

213.4 cm

Urea application
capacity but no
simultaneously

2.2 kg

>1 kg

101.6 cm

Yes, carried in
handle bar and
placed 2” away
from seed

3.3 kg

5 kg seed
(plus 1.5 kg
fertilizer)

89.9 cm

Yes, fertilizer
hopper mounted
on wooden handle
bar; placed __
away from seed.
None

South
23 kg
2.3 kg
Custom
Africa,
handle
Lesotho,
height
Botswana,
Zimbabwe
1
A taper pry barwas employed in this study to mimic the use of metal bars common to planting in SSA.
Dibble sticks vary greatly in type and weight.
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farm has been under a CA system – maintaining crop residues, 7 years of no-till using a cornsoybean rotation. In the corn residue trial, 1-year-old corn residue was present. In the soybean
residue trial, 2-year-old corn residue and 1-year-old soybean residue was present.
The climate of the area is considered a humid, continental, mild summer and wet
throughout the year (Dfb according to Köppen-Geiger, Kottek et al., 2006).

4.3 Experimental Design
The experimental design of each trial is a completely randomized design
(CRD) with 4 replications. Prior to planting, plots, buffers and border rows were flagged. Plots in
both trials are 15 feet by 30 feet, 6 rows/plot. The operator planted the middle 4 rows; the
engine-powered “CA-Seeder 1000” planted the outer 2 border rows of each plot for all
treatments except Control (6-row John Deere MaxEmerge Conservation Planter). To obtain the
desired planting density of 34,000 plants/acre, a 15.2 cm metered PVC pipe was used. For the
corn residue plots, corn was planted in the inter-row area from the previous crop. In the soybean
residue, rows were measured out with flags at every 30” north and south of plots.
Soil samples from both trials were taken in order to compare soil properties and obtain
baseline measurements. Ten samples were taken from each trial at 6” depth. The 10 samples per
trial were then collected into a composite sample and tested at the University of Tennessee Soil,
Plant and Pest Center (Nashville, TN).

4.4 Economic Data collection Methods
The purchase price for each planter was obtained from the manufacturer of each
technology (Lazarus and Selly, 2002). Prices were then projected on average smallholder farm
sizes in countries from major regions of the developing world, namely Uganda (SSA), Tunisia
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(North Africa), Malaysia (Southeast Asia), Guatemala (Central America) and Bolivia (South
America). Projection was done by diving the market price (in both USD and the currency of the
country) by the number of ha of the average farm size for the country. This was performed to
consider the price ha-1 for the average smallholder farmer for each seeder technology in different
countries. Values are reported in USD and the currency of each country under consideration
(currency year 2016).
Effective field capacity data was collected at the time of planting (May 10 for corn
residue plots and May 14 for soybean residue plots) using StopWatch Log App (Portable
Databases) (Bamgboye, 2006). The measurement of field capacity in the US is generally made in
ac hr.-1 and ha hr.-1 and is suited for mechanized operations. Ac hr.-1 is a accepted unit for a
tractor or disk to perform their functions: many acres can be covered in an hour. For manual
operations, however, the unit for effective field capacity, ac hr.-1, is not a reasonable area per hr.
to complete a task: many hours would be needed to cover one ac. For this reason, crop-seeding
capacity, which can be considered the inverse of effective field capacity, is the term used in this
thesis to describe the amount of time required to perform a function by hand in hr. ha-1. Values
from all plots were averaged and projected on average smallholder farm size estimations to
indicate the average time to seed smallholder farms from major regions of the developing world.

4.5 Qualitative Research Methods
Before planting, the five seeders were weighed, measured and tested to ensure proper
functionality. The operator studied the methods for properly using each seeder and practiced with
each seeder both in grass on the campus of the University of Tennessee and on a test area
adjacent to experimental plots. The ergonomic form employed by the operator – the form
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suggested by manufacturers and necessitated by height, weight, functionality – was recorded
during practice and assessed during planting (See Field Notes, Table 11).
To evaluate the use of the five seeders from a female perspective – as seeding is
commonly the task of the woman in developing countries– a female operator (the author)
implemented each treatment (5’9”, 140 lbs.). To measure the crop-seeding capacity of the five
seeders, time was measured for every row (30 feet) in each replicate. The mean field capacity
measurements are reported in hr. ha-1 and compared using Tukey’s mean separation at α = 0.05
in SAS® 9.4 (Cary, N.C.).
Qualitative assessment was conducted using a ranking system based on environmental
triangulation (Patton, 1990; Bogdan and Taylor, 1975). A qualitative research method,
environmental triangulation utilizes different locations, settings, or variables that influence the
findings and testing in each scenario. Environmental triangulation (Guion et al., 2011) was
employed in this study in two residue environments to test seeder performance. A comparison
was made in seeder performance between each environmental condition. The ranking system
was based on six criteria, each with specific indicators, and one overall ranking of performance;
both criteria and its indicators are noted in Table 5.
Residue Cover was measured using with Line Transect Method (Wollenhaupt and Pingry,
1991). For each plot, a tape measure was laid diagonally across at 7. 62 m. At every 15.2-cm
increment, residue was noted affirmatively or not. Out of 50 increments, the number of ‘Yes’s is
multiplied by 2 for a % of Residue Cover. Values were averaged for each treatment and means
were analyzed with Tukey’s mean separation in SAS 9.4 (Cary, N.C).
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Table 5. Criteria for qualitative assessment of five seeders
Criteria
Ease of transport
to field
Ease of
Use/Usability
while planting
Effort

Ease of handling
Seed

Use over 480 FT
(4 rows x 4 reps)

Ease of Seed-soil
contact
Overall
Qualitative
Assessment

Indicators
- Pulled/Carried to field
- Cumbersome based on parts/dimensions
- Weight
- Weight
- Suggested motion for planting
- Seed to soil contact

Ranking Spectra
10 as easiest- 1 as
most difficult

- Weight
- Motion of planting
- Seed to hole method
- Handling in residue
- Seed loading
- Seed storage while planting
- Seed capacity
- Seed to hole method
- Difficulty of motion
- Degree of wear on hands/back
- Required maintenance
- Malfunctions
- Manual- under foot
- With implement

10 as least effort – 1 as
most effort

Above criteria added and seeders ranked

10 as best – 1 as poor

10 as good usability –
1 as poor usability

10 as easiest- 1 as
most difficult

10 as easiest- 1 as
most difficult

10 as easiest- 1 as
most difficult

Soil strength at the soil surface (Godwin, 1991) was measured using a Drop Cone
Penetrometer, where 15 measurements are taken in ‘W’ pattern throughout the area and averaged
for the corn residue plots and the soybean residue plots.

5.0 Results
5.1 Soil characteristics and residue surface cover
Results indicate that the bulk density and water contents in the soybean residue plots
were lower than the corn residue plots (Table 6). The surface hardness (mm) penetrometer
readings were significantly different between the corn residue plots than the soybean residue
plots, indicating the soybean residue plots were much harder for the seeders to penetrate the corn
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residue plots (Table 6). A larger surface hardness measurement indicated softer, more penetrable
soil surface and a lower measurement indicates a harder, less penetrable soil surface.
In comparing the amount of surface coverage averages between the two types of residues
– corn residue 91.11% coverage, soybean residue at 61.45% coverage – the more residue
coverage generally indicates a softer soil surface if the seeder can penetrate surface residues
(Table 7). Between the seeders in the corn and soybean residue plots, there was not a significant
difference between surface coverage (p>0.05 for both).

5.2 Economic Assessment
For most smallholder farmers, new equipment is a significant investment. And there are
numerous considerations when deciding on farm equipment, such as cost per unit area,
depreciation, useful life, shipping and distribution, maintenance, risk preferences, cultural and
gender preferences, among others. A detailed analysis of each of these considerations is beyond
the scope of this study but each of the above considerations are crucial to address before new
technologies are introduced, donated or promoted to smallholder farmers of the world. For the
purpose of this study, the purchase price is compared between all seeders (Table 8), ranging from
a price of $0.00 for the dibble stick to $235.07 for the Haraka Rolling. No cost was assumed for
the dibble stick as this technology is most often source from local materials and made by the
farmer. The range indicates that the OSU Greenseeder, the Li Seeder and the Brazilian Jab are
aligned in the same price range whereas the Haraka’s high price suggests this technology is
intended for cooperatives of farmers or the large-scale end of smallholder farmers. The prices are
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Table 6. Soil characteristics in corn and soybean residue plots
Soil Surface
Gravimetric
Type of
Hardness
Bulk Density
Moisture
Residue
Penetrometer
(g/cm3)2
Content2
(mm)1
1.41
23.03
Corn Residue 6.85 a
Soybean
5.65 b
1.13
23.98
residue
1

Volumetric
Moisture
content
(g/cm3)2
32.49
26.48

p= 0.0031

2

Meausurements cannot be statistically compared between residue types as soil samples were taken on different days
(May 4- Corn Residue; May 14 Soybean Residue).

Table 7. Surface cover for five seeders
Seeder
Residue Surface Cover
(%)
Corn
Residue1
91.5

Soybean
Residue1
66.8

OSU Greenseeder
Li Seeder

89.5

61.5

95.0
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Brazilian Jab

94.5

53.5

Haraka Rolling
Jab Seeder
Overall

90.7

N/A

91.11

61.45

Dibble Stick

1

No statistical difference for values within each
column (p>0.05)
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then compared across five different countries, each of which have a smallholder farm size
average similar to the region within which they are located.
For example, Uganda has an average smallholder farm size of 2.5 ha and it would cost
approximately 18 USD or 60030.00 Ugandan shilling (USh) ha-1 for a OSU Greenseeder, 11.43
USD or 38,113.38 USh ha-1 for the Li seeder, 12.40 USD or 41354.00 USh ha-1 for the Brazilian
Jab and 94.03 USD or 313,585.38 USh ha-1 for the Haraka Rolling (Muth, 2011). When the
average farmer income in Uganda is 795.70 USD year-1 or 2679917.60 USh year-1, the OSU
Greenseeder represents 5.56% of yearly income or 20.64 days of labor wages. The Li seeder
represents 3.59% of yearly income or 13.11 days of labor wages. The Brazilian Jab represents
3.89% of yearly income or 14.22 days of labor wages and the Haraka Rolling represents 29.54%
of yearly income or 107.83 days of labor wages in Uganda. The average smallholder farm sizes
for the remaining countries include Tunisia at 4.3 ha, Malaysia at 1.5 ha, Guatemala at 1.14 ha
and Bolivia at 2.95 ha (Table 8).
Overall, the data underscore an idea prevalent in studies addressing mechanization in the
developing world: “appropriate mechanization.” Appropriate mechanization refers to the
technological advancement and mechanization balanced with keeping purchase price low
(Mrema, 2008; Baudron, 2015). The mechanization level must be low enough for a farmer to
afford a given technology, for the more mechanized a system the more expensive it is, while also
affording the farmer some improvement over current technologies. The correlation between
mechanization and cost is clear, therefore the increased performance over baseline methods
afforded with increased mechanization must be significant for the farmer or adoption will be
minimal.
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Alongside an assessment of the prices of the seeders, each was evaluated based on the
time it took to seed a given area or the inverse of crop-seeding capacity. Results show
significance differences between crop-seeding capacity in the five seeders (p<0.0001)—the
Haraka (although anecdotal data due to its breakdown in the first replicate) was the fastest at 6.0
hr. ha-1 followed by the Li Seeder at 65.6 hr. ha-1, the Brazilian Jab at 76.8 hr. ha-1, the OSU
Greenseeder at 100.0 hr. ha-1, and lastly, the dibble stick at 161.4 hr. ha-1 (p< 0.0001) (Figure
27). Although the differences in crop-seeding capacities are a function of the operator, soil type,
residue cover and weather conditions, they highlight the extremes in mechanization between the
lower crop-seeding capacity but reliable dibble stick and higher crop-seeding capacity yet less
reliable Haraka Rolling. The three seeders in the middle of spectrum, the Brazilian Jab, Li Seeder
and OSU Greenseeder provide a middle ground between a moderate crop-seeding capacity and
low mechanization. The idea of “appropriate mechanization” pertains again as the need to
improve crop-seeding capacity grows but not at the cost of reliability and expense.
In Table 9, the in-field measurements of crop-seeding capacity in hr. ha-1 are shown in
increasing order of mechanization of the seeders. In-field results are used to estimate the time it
takes to seed average smallholder farms in the six major areas of the developing world and over
an average smallholder farm size for all developing countries. The approximate farm size in SSA
is 1.3 ha, Near East and North Africa is 4.2 ha, Asia is 1.06 ha, Pacific is 5.8 ha, Central America
and the Caribbean is 22.2 ha, South America is 50.7 ha and all developing countries is an
average of 2.7 ha (IFAD, 2013; World Census of Agriculture Database (accessed February
2016), UN (2007). Based on these average farm sizes, the great spectrum between seeders are
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Table 8. Purchase price of 5 seeders and cost ha-1 for average smallholder farm sizes in 6 regions of the developing
world1

Seeders

Dibble
Stick
OSU
Greenseeder
Li Seeder
Brazilian
Jab
Haraka
Rolling
Seeder

Purchase
price
(USD)

Cost ha-1 Average
Smallholder farm
Uganda
(USD/Ugandan
shilling, UGX) 2

Cost ha-1 Average
Smallholder farm
in Tunisia, North
Africa (USD/
Tunisian dinar,
TND) 2

Cost ha-1 Average
Smallholder farm
Malaysia, AsiaPacific
(USD/Malaysian
Ringgit, MYR) 2

Cost ha-1 Average
Smallholder farm
Guatemala (USD/
Guatemalan
Quetzal, GTQ) 2

Cost ha-1 Average
Smallholder farm
Bolivia (USD/
Bolivian
boliviano, BOB) 2

0.00

0.00

0.00

0.00

0.00

0.00

45.00

18.00/
60030.00

10.47/
21.50

30.00/
124.48

39.47/
303.47

15.28/
104.67

11.43/
38112.38
12.40/
41354.00

6.64/
13.64
7.21/
14.81

19.05/
79.05
20.67/
85.77

25.06/
192.67
27.19/
209.05

9.70/
66.44
10.53/
72.13

94.03/
313583.38

54.67/
112.29

156.71/
650.27

206.20/
1585.37

79.82/
546.77

28.57
31.00
235.07

1

Exchange rates from 2016 (NYSE, NYSE Arca LLC, and NYSE MKT LLC).
Based on the following average smallholder farm sizes: Uganda, 2.5 ha (AfDB, 2009 and FAOSTAT, 2009); Tunisia, 4.3 ha (Shaw, 2015);
Malaysia, 1.5 ha (Chee, 1998); Guatemala, 1.14 ha (Immink, 1992); Bolivia, 2.95 ha (FAO, 2016).
2
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Table 9. Crop-seeding capacity (hr. ha-1) for five seeders and projected over 6 regions of the developing world1
-1

Seeder

Dibble
Stick
OSU
Greenseeder
Li Seeder
Brazilian
Jab
Haraka
Rolling
Seeder

Hr. ha-1 in
field

Hr. ha for
average
smallholder
farm in SSA

Hr. ha-1 for
average
smallholder farm
Near East and
North Africa

Hr. ha-1 for
average
smallholder
farm Asia
(developing)

Hr. ha for
average
smallholder
farm Pacific

Hr. ha-1 for
average
smallholder
farm Central
America and the
Caribbean

-1

Hr. ha-1 for
average
smallholder
farm South
America

Hr. ha-1 for
average
smallholder
farm all
developing
countries

161.4

209.8

677.9

171.1

936.1

3,582.9

8,182.6

435.8

100.0

130.0

420.1

106.0

580.2

2,220.7

5,071.6

270.1

65.6

85.3

275.6

69.6

380.5

1,456.6

3,326.5

177.2

76.8

99.8

322.5

81.4

445.4

1,704.6

3,893.0

207.3

6.0

7.8

25.1

6.4

34.7

132.9

303.5

16.2

1

Reported farm size in SSA is 1.3 ha, Near East and North Africa is 4.2 ha, Asia is 1.06 ha, Pacific is 5.8 ha, Central America and the Caribbean is 22.2 ha,
South America is 50.7 ha and all developing countries is an average of 2.7 ha (IFAD, 2013; UNEP; FAO, World Census of Agriculture Database (accessed
February 2016), UN (2007).
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seen from 6.4 hr. ha-1 crop-seeding capacity of the Haraka on an average smallholder farm in
developing Asia up to 8,182.6 hr. ha-1 crop-seeding capacity of the dibble stick on an average
smallholder farm in South America. These results point to the importance of appropriate
mechanization and the need for detailed analyses of smallholder technology and appropriate
mechanization. In this case, lower mechanization seeders may not be suitable for larger
smallholder farms in Central America and South America whereas smallholder farmers in SSA,
Near East and North Africa could benefit from time saving higher mechanization than the dibble
stick. The size of the farm has significant effect on the type of equipment a smallholder farmer
needs to seed. Another key feature of the smallholder farm not addressed in this study is how
marginal the landscape of the farm is – the slope, agricultural capacity and depth to bedrock. For
example, highly mechanized seeders tend to be larger and heavier and, as such, cannot be
employed on a steep slope. The size and other characteristics of the smallholder farm are key
determinants for identifying the appropriate hand seeders to employ.

Figure 27. Crop-seeding capacity (Hr. ha-1) for 5 seeders
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5.3 Qualitative Assessment Results
A qualitative assessment can provide substantive user-oriented information and is
necessary before technology is distributed en masse. The results of this qualitative assessment of
five hand seeders indicate disparity between the stated capabilities of a given technology and the
in-field performance (Table 10). Performance evaluations (Gould et al., 1996; Aikins et al.,
2010; Hossain et al., 2009; Smithers et al., 2010) suggest that hand seeder technology is heavily
dependent on user-acceptance and general usability. There are no known studies that conducted
qualitative analyses on hand seeders. The current study underscores both the gap between strong
yields and low usability as well as the need for future efforts in in-depth qualitative studies of
manual seeders.
Rankings of the five seeders indicate a general theme: ease of transport and ease of use
were inversely related to the ease of handling seed, effort and ease of seed-soil contact (Table
10). By increasing complexity, cuts are made to other criteria. The dibble stick is easy to
transport to the field and easy to use but requires significantly more effort than the Haraka
Rolling seeder which is difficult to transport and more difficult to use. Between these extremes,
the OSU Greenseeder provided the benefits of minimal mechanization, with high rankings in
ease of handling seed, use over time and effort and concurrently, provided the benefits of ease of
transport and ease of use. Results for the Li Seeder and the Brazilian jab were similar – both
provided enough mechanization to lower effort and handle seed internally but maintained a high
ranking for ease of transport and ease of use. The OSU Greenseeder had the highest overall
qualitative ranking among the five seeders.
Testing these seeders from a female perspective offered insight into the design and
usability of the seeders. This study highlights the need to test such technology on represented
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Table 10. Qualitative Rankings for five seeders
Seeders

Ergonomic
Form
Employed

Dibble
Stick

Standing
erect, 90
degree bend
to plant seed

OSU
Greenseeder
Li
Seeder

Brazilia
n Jab
Haraka
Rolling
Jab
Seeder

Standing
erect
From
Standing
erect to bent
at 90
degrees
Standing,
slightly bent
from the
lower back

Rankings (1 -10, See table 2. For ranking spectra)
Ease of
Ease of
Effort Ease of
Ease of
Use over 480 FT Overall
transport to Use/Usability
handling Seed-soil
(4 rows x 4 reps) Qualitative
field
Seed
contact
Assessment
10
8
3
2
3
2

28
10

9

8

10

3

3
43

10

7

6

10

3

3

8

7

6

10

3

4

39

38
1

2

3

9

7

0

Standing
erect
22
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Table 11. Field notes on five seeders
Seeder
Dibble
Stick

OSU
Greenseeder

Before Planting During Planting
Setup for
planting was
minimal—seed
carrier was
worn around
the waist.
Simple to
assemble,

Li Seeder

Cleaned
planting tips
Cleared seed
bag, fertilizer
hopper and
tubing

Brazilian
Jab

Cleaned
hoppers and
checked
mechanisms

Corn Residue

Soybean Residue

Carried seed with forward-facing backpack; Cut
residue well and reached consistent seeding depth

Carried seed with bag around waist *preferred to backpack;
seeding depth appeared less than the corn residue due to
harder surface

Gloves or finger wrapping necessary to avoid blistering; getting seed to hole required significant low back effort;
Had to re-glue PVC attached hopper to handle at
replicate 3 in planting (easily fixed on site)

Some difficulty penetrating surface not covered with
residue; internal spring absorbed impact of strike on hard
surface.

Shovel-tip cut both corn residue and soybean residue. Method of planting had to be maintained or seed would not
fall into the seed hole. About half the time, the soil would fall back over seed hole and only minimal pressing-under
foot was necessary.
Corn stalks and residue would catch between the
When the planting tips were pulled from the soil, baseball
planting tips; moister soil and higher clay clogged the sized clods of soil were picked up and seeds fell
underneath; potentially a problem for seed penetrating soil
planting tip easily; at third replicate began to rain.
surface
A longer or customizable handle-bar is recommended; for a person above 5’8, a bent position is required to plant,
causing strain on the low back over time.
Residue and clay would clog the tips; seed would
build up; remediated with sticks or hands, which
delayed planting time significantly.

Sliding seed mechanism came unscrewed (fixed on-site);
impact on hard soil surface absorbed by operator—reason
to question long term use on joints of the arm/shoulder

Tips clogged easily; sliding seed mechanism released 2-3 times more seed than in tilled – an indication that the seed
mechanism delivering seed from hopper to tips is easily affected by surface hardness.
Haraka
Rolling
Jab
Seeder

Cleaned
planting
spokes; cleared
out seeding
mechanism

2 spokes on seed wheel broke within 45 feet of
planting in the first replicate (extra seed wheels were
for different seed sized, no fix onsite)

N/A

Extremely difficult to move in and out of truck to transport; difficult to turn at the ends of rows.
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demographics. Overall, none of the seeder designs or methods of planting indicated gender-bias.
Indeed, only the handle bar height proved inconvenient to the user. Further field notes are
collected in Table 11, addressing before and during planting usability in the two types of
residues.

6.0 Conclusion
The results of this study point to the complexity of HTT, of the difficulty of identifying a
universally applicable hand seeder and, lastly, of the supreme importance of multi-dimensional
assessments of agricultural tools for smallholder farmers. Crop growth, development and yield
studies are necessary to determine the worth of hand seeders but, when used alone, they fail to
provide a complete picture of how successful the given technology might be. The usability,
effective field capacity and cost of technologies are significant variables in the market of
agricultural tools that are difficult to assess from country to country, even from individual to
individual. And the cultural and gender dynamics surrounding agricultural tools and practices
provide yet another degree of complexity to assessing the success of hand seeders. Hand seeder
development and technology needs to be gender specific since women are largely responsible for
the task of seeding, an arduous manual job associated with crop establishment. It is mandatory
that seeders are developed that compensate for female working angle, mass and child wearing
and assess cumulative labor needed to operate the seeder on a targeted area. Failure to offer
women the capacity to seed in CA will negate potential progress and future sustainability for the
developing world. Addressing the role of women as the majority of those who seed crops
remains a crucial step forward in the research and development of hand seeders for smallholder
farmers.
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Ultimately, this study aims to address a research gap and promote multi-dimensional
assessments of hand seeders instead of performance evaluations based on yield alone. For the
good of the smallholder farmer from SSA to Southeast Asia, new technologies need to be
thoroughly assessed and pay heed to those individuals who will use them, the smallholder
farmers who feed the world.
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CHAPTER 3
Alternative Fertilizer for Local Fescue Farmers: the Use of Spent Biomass on
an Emory Silt Loam
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1.0 Abstract
Fertilizers for agricultural cropland are a significant expense for farmers
and their prices are directly tied to the cost of energy. As the price of fertilizers increase, viable
alternatives are sought. A by-product of corn (Zea mays, L.) fermentation processes, spent
microbial biomass is one nitrogen-rich option that could be utilized as a drastically lower-cost
substitute for chemical fertilizers and for the cost of transportation and application
only. Currently, spent microbial biomass produced from chemical plants is discarded after
fermentation and landfilled at considerable costs. There is reason to believe it could be reused as
a fertilizer applied to agricultural land. The objective of this study is to test spent microbial
biomass produced by a local chemical processing plant as a viable nitrogen-rich amendment for
tall fescue (Festuca arundinacea) on an Emory silt loam in Lenoir City, TN. The biomass was
applied at rates of 2.24, 4.48 and 6.72 MT ha-1 to tall fescue, and was compared to a control and
farmer practice of 336.26 kg ha-1 of 19-19-19 analysis chemical fertilizer. The fescue was
analyzed in-season nitrogen uptake by using a GreenSeeker® and was analyzed after harvest for
forage quality (NIRS). Positive results of this research support the recommendation of this
byproduct by local agriculture, decreasing costs for farmers and repurposing industrial waste.

2.0 Keywords
Spent microbial biomass. Industrial fermentation. Tall fescue. Nitrogen fertilizer.

3.0 Introduction
The industrial by-product of corn (Zea mays, L.) fermentation processes from a local
industrial plant, spent microbial biomass (SMB) is one option which is high in nitrogen that
could be applied at prices drastically lower than those of chemical fertilizers. The SMB results
from the fed-batch fermentation of Escherichia coli (E.coli) that produces 1,3-propanediol
(PDO). Currently, the SMB is discarded after the fermentation process and disposed of in
landfills. This valuable nutrient source might be beneficially recycled and utilized in local
agriculture.
For the companies that run fermentation operations, disposing of or repurposing of an
industrial by-product like SMB is a common issue. Depending on the type of organism, the
biomass is inactivated as is required by EPA TSCA (Toxic Substances Control Act) standards
and only the cellular mass of the microbes remains (Glass, 2010). Inactivated biomass has been
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proposed as animal feed and feed additives but regulations from the USDA have yet to be
written. Land disposal as a soil amendment has been a feasible option for traditional microbial
fermentations and, because the biomass is inactivated, the disposal of modified microorganisms
meets applicable regulatory standards as a “Generally Recognized as Safe” substance (Glass,
2010). Novoenzymes, a global producer of bulk industrial enzymes, uses a similar large-scale
microbial fermentation process and produces a large amount of SMB. Their studies report the
use of SMB as a multi-nutrient agricultural soil amendment used primarily in Brazil, China,
Denmark and some in the United States (Stadelman and Mathiesen, 2012). They report that
application rates were initially based on nitrogen (N) rates but due to concerns over
eutrophication of surface waters, P was included in application rates. Danish regulatory standards
forced SMB to be dried, similar to regulations in the United States.
A similar nutrient-rich by-product, sewage sludge from wastewater treatment processes
has been widely promoted for land application; when land applied on annual-forage fescue
(Festuca arundinacea), Boswell (1975) reports fescue forage yields were increased by 30% over
a 2-year period from control plots. The widespread adoption of sewage sludge and the
regulations dealing with its use indicate the significant potential of repurposing industrial wastes
of similar density and nutrient composition. SMB (9.0-2.52-0.72) has a comparable N-P-K
composition to poultry manure (3.0-2.0-2.0), fish blood and bone (5.0-5.0-6.0) but lower N than
commercial urea (46-0-0) or ammonium nitrate (33-0-0) fertilizers (Zahn, 2015).
Field research in SMB application has been minimal but one study by the University of
Nebraska-Lincoln applied spent residuals (as lime-stabilized spent microbial biomass, LSSMB)
on a corn-soybean (Zea mays, L. and Glycine max, L.) rotation site. The LSSMB was evaluated
for heavy metals, nutrients, liming value and effect on corn and soybean yield. Their conclusions
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indicate that land application of LSSMB of 5 t ac-1 had an equivalent yield as compared to the
farmer practice (Wortmann et al., 2014). In an industry presentation, Stadelman and Mathiesen
(2012) reported studies where SMB has been surface applied as a slurry every 1-2 years or
applied as solids every 3-5 years; they suggest the solids application has a higher rate of N, P, K
and Calcium (Ca).
The objective of this study was to test SMB (Figure 28) produced by a local industrial
plant as a viable N-rich soil amendment for fescue production on an Emory silt loam in Lenoir
City, TN. The dried SMB, pictured in Figure 27, was surface-broadcast at rates of 2.24, 4.48, and
6.72 MT ha-1 to tall fescue, which were compared to a control and farmer practice of 336.26 kg
ha-1 of 19-19-19 analysis chemical fertilizer. In a complimentary study (Sullivan et al., 2016),

Figure 28. Sample of SMB

SMB was also surface-broadcast to corn and SMB treatments were compared to the current
farmer practice of 112.09 kg N ha-1 as surface-broadcast granular urea. Equal corn yields at
higher application rates support the use of this byproduct in local agriculture, of benefit to both
farmer and biomass producers.
Grown on over 14.17 million hectares (35 million acres) in the US, tall fescue (Festuca
arundinacea) is a widely spread cool season perennial pasture grass (Stuedemann and Hoveland,
1988). The grass is cultivated for pasture and hay fodder but also as vegetative cover in humid
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areas of the eastern and northwestern regions of the US (Buckner et al., 1979) (Figure 29). It is
the most important cultivated pasture grass in the US (Oregon, 2010). Tall fescue is noted for
easy establishment, resistance to pests, long grazing season, wide adaptability and good seed
production (Stuedemann and Hoveland, 1988). This forage is also known for its post-harvest
longevity for fall-winter grazing; when stockpiled, it resists freezing damages, staying green and
erect longer than other forages (Rayburn et al., 1979).

Figure 29. Festuca arundinacea grown in US (EDDMapS, 2015).

Biomass harvests of perennial cool season grasses such as tall fescue are during the
summer and autumn with the possibility for a third harvest during the growing season, depending
on climatic conditions (Volenec and Nelson, 1983). Along with dry matter (DM) yield, forage
quality is of interest for cattle producers. Livestock performance and health is dependent on the
dry matter digestibility and nutritional value of the forage (Rayburn et al., 1979). Forage quality
measured by the amount and concentration of a variety of variables including protein, lignin and
digestibility that is critical for cattle producers, as higher quality forage improves the health and
productivity of their livestock (Wolf et al., 2003).
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Some studies have considered the response of fescue growth (particularly leaf meristems)
to nitrogen (N) fertilization and harvest frequency. Findings indicate that the addition of N
fertilizer was associated with the number of cells matured per day on the leaf – otherwise
considered growth (Volenec and Nelson, 1983). Kingery et al. (1993) tested poultry litter on tall
fescue production and found accumulation of nutrients in soils and plants, including increased
forage concentrations of N as nitrate-N, P, K, Ca and many other significant plant nutrients
without exceeding regulatory fertilizer standards.
Many studies have documented the increase in dry matter (DM) yields with increased N
fertilization, both in tiller production and in yield per tiller (Hallock et al., 1973; Nelson and
Coutts, 1979; Davidson, 1980; Belesky et al., 1982; Volenec and Nelson, 1983). Studies have
considered measuring the leaf elongation rate and cellular characteristics of fescue to test the
effects of increased addition of N on crop growth (Nelson and Coutts, 1979). In the US, research
has indicated that increasing N may increase the DM yield and the concentration of crude
protein, but lignin content is less affected and there may be an increase in the potential fungal
presence and early senescence may be increased (Wolf et al., 2003; Taylor and Templeton, 1976;
Rayburn et al., 1979). Others have found that increasing N application can increase the
livestock’s digestibility of the grass when the accumulation or stockpiling period is longer
(Collins and Balasko, 1981). Regarding alternative fertilizer use on tall fescue, some studies have
considered the use of sewage sludge on N availability as opposed to inorganic N application
(Kiemnec et al. 1987). Ammonium-N in the sewage sludge provided the required N for fescue
growth, indicating this N-rich amendment could be used in tall fescue cultivation. Other
alternative N-rich amendments have been considered for fescue including composted food waste,
sewage sludge and biosolids compost, each with significant positive yield responses which

96

illustrate the potential for widespread use of N-rich amendments with tall fescue growth (Sikora
et al., 1999; Sullivan and Bary, 2002; Kiemnec et al., 1987).

4.0 Materials and Methods
4.1 Site Description
This study was conducted on a private farm in Lenior City, TN (35°44’6.48” N,
84°11’2.23” W). The soil series is predominately a Dewey silty clay loam (fine, kaolinitic,
thermic Typic Paleudult) (Web Soil Survey and verified on site). Köppen-Geiger classifies this
region as a Cfa, humid subtropical climate (Pidwirny, 2011). The average annual rainfall 13330
mm, and the mean annual temperature is 57.74 ˚F (Climate). The fescue is a permanent sod
planted in the 1960s.

4.2 Experiment Design
The experimental design was a randomized block design (RBD) with five treatments and
four blocks based on topography. Each plot was an area 6’ x 30’ and received one of five
broadcast-applied surface SMB treatments: 2.24, 4.48 and 6.72 MT ha-1 of SMB, a farmer
practice treatment of 336.26 kg ha-1 of 19-19-19 analysis chemical fertilizer, and a control. The
SMB was dried to 7% moisture content (dry basis) using industrial driers. In addition, four
nitrogen test plots of equal size were established parallel to the study, which received nitrogen
fertilizer at an excessive rate of 112.09 kg N ha-1 as broadcast granular urea (46-0-0) to serve as
reference nitrogen response test strips.
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Prior to the study, 15 15.2-cm depth soil samples from the fescue plots were collected
and a composite of each was sent to the Soil, Plant, and Pest Center in Nashville, TN for
analysis.
The spent biomass and nitrogen fertilizers were applied to the fescue on April 21, 2015
(Figures 30 and 31). In addition to these fertilizers, P and K were applied at the same rate to all
plots. On the fescue plots, P and K were applied to all plots at a rate of 33.62 kg P ha-1 as Triple
Superphosphate (0-46-0), and 33.62 kg K ha-1 as Potash (0-0-60) (Appendix 2).

Figure 30 weighing out SMB
for each plot

Figure 31. SMB pile on
site

4.3 Statistical Analysis
The data collected from this study was analyzed using mixed models analysis of variance
in SAS 9.4 (Cary, NC). Greenseeker® N-uptake response, dry yield and NIRS data were
reported as least squares means and were separated using Tukey’s significant difference test at α
=0.05.
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4.4 Methods of Data Collection
An initial analysis of the SMB was performed on June 10, 2015. The analysis tested for
macro and micronutrients, heavy metals, and water content (Appendix 1). The nutrient
composition of the SMB, 9.0-2.52-0.72 (wet basis upon collection) with 37.3% C and possessing
the following micronutrients: S, Zn, Ca, Cu, Cl, Mo (Figure 32). The SMB is dried to 7%
moisture content (93% solids) according to regulatory standards for landfilling.

Figure 32. SMB elemental constituents by mass
(Zahn, personal communication, 2015).

On the fescue plots, data was collected at the time of harvests, May 12, July 27 and
September 9, 2015. A Trimble Handheld GreenSeeker® (Figure 41) was held 24 inches above
three random areas in each plot and normalized difference vegetation index (NDVI) readings
were recorded. NDVI measurements are highly related to leaf nitrogen content and can be used
to assess in-field nitrogen variability and predict yield (Teal et al., 2006; Barker and Sawyer,
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2010; Shaver et al., 2011). The GreenSeeker® is a remote sensing technology or crop canopy
sensor that utilizes an integrated light source, operating with directing visible light (VIS) of 400700 nm and near infrared light (NIR) of 700-1300 nm. The sensor quantifies the amount of VIS
and NIR light reflected from the crop canopy. The resulting NDVI measurement is calculated as
(Shaver et al., 2011):

NDVI = ( NIR-VIS ) / ( NIR +VIS)

The VIS reflectance is a function of the chlorophyll contained in the leaf’s palisade layer
whereas the NIR reflectance is a function of the leaf’s mesophyll cell structure and the cavities
between the cells (Campbell, 2002; Shaver et al., 2011). N test strips were planted along the
periphery of the plots at a rate of 112.09 kg ha-1 of granular urea as benchmark of N uptake for
NDVI readings (See Appendix 2 for fertilizer rates). N test strips act as reference N-rich
benchmarks to compare to the plot readings and was used to calculate the sufficiency index (SI)
as follows:
SI= (ABR/ARR) * 100%

ABR represents the average bulk reading per plot and the ARR is the average reference strip
reading (Shapiro et al., 2006). SI values at 95% or above are considered sufficient and indicate
no additional application of N; anything below 95% is N deficient. Side-dress N requirements
and predictions of yield are used with the SI (Shapiro et al., 2006).
Leaf chlorophyll concentration has been correlated strongly to leaf nitrogen
concentrations; the greater the leaf area biomass levels, the more chlorophyll is present to reflect
light. Higher reflectance (and thus higher NDVI readings), indicate higher nitrogen content
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(Ercoli et al., 1993; Shaver et al., 2011). Relative nitrogen sufficiency or deficiency can therefore
be identified based on calibrated NDVI readings. A Trimble reference guide was used for basic
instructions and proper methodology (Trimble 2012).
At each harvest, a 42-inch strip in the middle of each plot was mowed to 5-cm stubble
height using a 1992 Troy Bilt trail blazer 42" sickle-bar mower with a Briggs & Stratton 4hp gas

Figure 33. Raking the mowed
fescue from middle 42" strip into
20 gallon trashcans.

Engine (Figure 40). (Volenec and Nelson, 1983). The mowed fescue was hand-collected and the
total mass was measured on a balance in the field (Figure 33). A subsample of this was then
taken and stored in paper bags and the fresh mass was recorded. After the harvest, all subsamples
were placed in a drier at 49˚C for 72 hours, after which dry mass was recorded. Fescue samples
were then ground using a Thomas Model 4 Wiley Mill (Figure 43), and a sample from each
plot was analyzed for forage quality using Near Infrared Reflectance Spectroscopy (NIRS).
Forage analysis was employed to predict the feed value of the fescue and was conducted
using a FOSS NIRS™ 5000 Analyzer (Figure 42). NIRS analysis, first adapted to forage analysis
in 1976, provides rapid testing of quality constituents for nutrition in livestock (Stuth et al., 2003;
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Shenk and Westerhaus, 1994). A forage sample is exposed to an electro-magnetic scan with a
wavelength range of 1100-2500 nm— near-infrared range—and the analyzer measures the
reflected energy from the sample. Characterization of the reflectance indicates the chemical
bonds in the sample and the chemical composition is extrapolated from the reflected energy
stored in those chemical bonds, which then identifies sugars, structural fibers, proteins and lipids
(Corson et al., 1999; Shenk and Westerhaus, 1993; Baker et al., 1990; Andueza et al., 2011). The
NIRS database was used to calibrate the instrument based on the forage being analyzed. The
NIRS Consortium equation for Grass and Hay, version 2012 was employed in this study.
The NIRS analysis tested for the following variables (Table 12): dry matter (DM, %),
protein (%), acid detergent fiber (ADF, %), Ca (%), P (%), K (%), magnesium (Mg, %), neutral
detergent fiber (NDF%), in-vitro true dry matter digestibility 48 hours (IVTDMD48H),
digestible neutral detergent fiber (NDFd, %), ash, fat, lignin, rumen undegradable protein (RUP,
%), moisture (%), net energy for lactation (NEl) in mcal lb.-1, total digestible nutrients (TDN,
%), estimated net energy (ENE, %), metabolizable energy (ME,%), net energy for maintenance
(NEM) in mcal lb.-1, net energy for gain (NEG) in mcal lb.-1, dry matter digestibility (DDM, %),
dry matter intake (DMI), nonfibrous carbohydrates (NFC,%), relative forage quality (RFQ).
Using estimated yearly production quantities of SMB and company-supplied calculated
savings, an economic assessment of savings for the producer and farmer was conducted. Data
provided from the company reflects the most recent production estimates and savings if the SMB
is not landfilled. Budget comparisons were made using the most recent field crop budgets
(University of Tennessee, 2016) to identify the amount of savings if SMB was substituted for the
N fertilizer per acre.
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Table 12. NIRS variables measured for tall fescue (Festuca arundinacea)
NIRS Variable
Abbreviation
Unit
NIRS Variable
Abbreviation Unit
Dry matter

DM

%

Fat

%

ADF

%
%

RUP

%
%

Ca

%

TDN

%

Phosphorous

P

%

NEM

mcal lb.-1

Potassium
Magnesium
Neutral
Detergent Fiber
In-vitro true dry
matter
digestibility 48
hours
Digestible
neutral
detergent fiber
Ash

K
Mg
NDF

%
%
%

NEG
DDM

%
mcal lb.-1
%

IVTDMD48H

%

Lignin
Rumen undegradable
protein
Total digestible
nutrients
Net energy for
maintenance
Moisture
Net energy for gain
Dry matter
digestibility
Dry matter intake

DMI

%

NDFd

%

Nonfibrous
carbohydrates

NFC

%

%

RFQ

%

Metabolizable
energy

ME

Relative Forage
Quality
Net energy for
lactation

NEl

mcal lb.-1

Protein
Acid detergent
fiber
Calcium

%
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Figure 34-39. Fescue plots after application of SMB and fertilizer.

Figure 34. Field plots: 2.24 MT ha-1 SMB

Figure 35. Field plots: 4.48 MT ha-1 SMB

Figure 36. Field plots: 6.72 MT ha-1 SMB

Figure 37. Field plots: Control

Figure 38. Field plots: 336.26 kg 19-19-19
ha-1

Figure 39. Experimental area after
application.
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Figures 40-44. Equipment and instruments used in harvest and testing of fescue

Figure 40. Troy Bilt trail blazer

Figure 41. GreenSeeker®

Figure 43. Grinding fescue
samples with Thomas Model 4 Wiley
Mill

Figures 42. FOSS NIRS™ Analyzer

Figures 44. Fescue-filled capsules for NIRS analysis
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5.0 Results
5.1 Greenseeker® Results
In cutting 1, the chemical fertilizer (farmer practice of 336.26 kg 19-19-19 ha-1) had the
higher N uptake (NDVI 0.677) compared to all other treatments (Figure 44) and was not
significantly different than the N-test strip (NTS) (0.68), used as a calibration reference for
highest N-uptake possible in this field (p=0.001). Considering the high C-content and organic-N
content of the SMB, delayed release of nutrients is expected. The 6.72 MT ha-1 treatment of
SMB had a mean NDVI reading of 0.625, followed by 0.603 and 0.582 in the 4.48 MT ha-1 and
2.24 MT ha-1 treatments respectively (Figure 44).
All SMB treatments surpassed the chemical fertilizers and even the NTS (p=0.005)
(Figure 45) at the third cutting. Both the 6.72 MT ha-1 and 4.48 MT ha-1 biomass treatments
achieved the highest NDVI readings with 0.794 and 0.783 respectively. Even the 2.24 MT ha-1
biomass treatment (0.771) was not significantly different from the farmer practice (0.731). The
control, the chemical fertilizer (farmer practice) and the N-test strip are not significantly different
from each other; a possible indication that much of the fertilizer N is lost to volatilization or
runoff in the farmer practice and the NTS plots. These strong results favor the application of
SMB as a N-rich amendment in tall fescue.
Sufficiency indices (Figure 46) present positive results for SMB when compared to the
farmer practice of 336.26 kg 19-19-19 ha-1. In the first cutting, all three SMB treatments of 2.24,
4.48, 6.72 MT SMB ha-1 were below the sufficiency threshold and indicate insufficient N
content, yet still higher than the control. By third cutting, SMB treatments were all higher than
the farmer practice and control and exceed sufficiency. SMB treatments at 2.24, 4.48, 6.72 MT
SMB
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Figure 45. Greenseeker® NDVI Readings comparing 5 treatments and N-test strip for tall
fescue (Festuca arundinacea) taken at first and third cuttings.

Figure 46. Greenseeker® Suffiency Index comparing 5 treatments for tall fescue (Festuca
arundinacea) taken at first and third cuttings.
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ha-1 were 107.08%, 110.28% and 108.75% respectively exceeded the control (100.83%) and the
farmer practice (101.53%).

5.2 Fescue Yield Results
On the first cutting (12 May), yields for all treatments were abnormally low: the result of
unusually low rainfall (mean yield for all treatments =0.80 MT ha-1) (Figure 47). Both the SMB
treatments and the chemical fertilizer treatment were not significantly different from the control,
a possible indication that the SMB and chemical fertilizer were not yet mineralized (p=0.143).
The second cutting (27 July) resulted in the highest yield of all three cuttings for all
treatments and shows significant differences in support of SMB (p=0.012) (Figure 47). The 6.72
MT SMB ha-1 treatment achieved the highest yield (2.58 MT ha-1) and was not significantly
different from the 4.48 MT SMB ha-1 biomass treatment (2.15 MT ha-1). Both of these treatments
were significantly higher than the chemical fertilizer farmer practice at 1.48 T ha-1 and the 2.24
MT SMB ha-1 treatment at 1.41 MT ha-1. This suggests that by July, the N in the biomass had
mineralized and become plant available and provided more N than did the chemical fertilizer at
336.26 kg 19-19-19 ha-1. This pattern mirrors Greenseeker® results with the 6.72 MT ha-1
biomass treatment achieving the highest NDVI and yield.
By the third cutting (9 September), overall yields are lower than the second cutting and
exhibited a similar pattern as the second cutting (Figure 47). The highest yields are the SMB
treatments, 2.24 MT ha-1 SMB at 1.19 MT ha-1, 4.48 MT ha-1 SMB at 1.13 MT ha-1 and 6.72 MT
ha-1 SMB at 1.09 MT ha-1. These are significantly higher than the chemical fertilizer at 0.86 MT
ha-1 and the control (0.65 MT ha-1).
Cumulative yields for each treatment again indicate that, even at a 2.24 MT ha-1 rate of
application, SMB is a viable N-rich amendment as compared to the farmer practice of chemical
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fertilizer as 336.26 kg 19-19-19 ha-1 (p=0.011) (Figure 47). Overall, the 6.72 MT ha-1 SMB
treatment and the 4.48 MT ha-1 biomass treatment achieve the highest yields of 3.65 MT ha-1 and
3.59 MT ha-1 respectively. The 2.24 MT ha-1 biomass treatment is situated between the higher
biomass rates and the farmer practice and control with a cumulative yield of 2.70 MT ha-1. The
farmer practice achieved an overall yield of 2.71 MT ha-1, not significantly different from the
control at 2.06 MT ha-1.
These results support the use of SMB and, when sufficiently mineralized, SMB affords
higher fescue yields as compared to a chemical fertilizer treatment of 336.26 kg 19-19-19 ha-1,
the current farmer practice. Not only does the SMB offer the forage timely N by the first cutting
but it offers significantly higher N over time, even five months after application of the SMB
(applied April). Earlier and/or more frequent applications of the residual product could have the
potential of increasing yields further in this forage crop and, considering the multi-nutrient
composition of the SMB, this alternative fertilizer offers other macro and micronutrients to the
crop.

5.3 Fescue NIRS Forage Analysis Results
Of all 24 variables tested in the NIRS analysis, a pattern for many variables indicates that
the 6.72 MT SMB ha-1 rate is not significantly different from the farmer practice. All data is
presented in Table 13 (mean separations are shown with significance was found p>0.05). For the
most significant variables for cattle and calf producers are generally protein, TDN, NEM and P
are shown in further detail and shown in Figures 47-50.
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Figure 47. Tall fescue (Festuca arundinacea) yield in T ha-1 between 5 treatments at three
cuttings and cumulative yield for the 2015-growing season.

In Cutting 1 (May 12), the forage analysis indicates a pattern for the following variables:
protein, ENE, TDN, NEl, IVTDMD48H, and P. The pattern indicates that the farmer practice
and 6.72 T SMB ha-1 are not significantly different from each other, but 6.72 MT SMB ha-1 is
not significantly different from the other treatments (ENE, p=0.025; TDN, p=0.025; NEl,
p=0.025; IVTDMD48H, p=0.029; P, p=0.0159). This indicates that the 6.72 MT SMB ha-1
application rate of SMB provides similar forage quality to the farmer practice. For % Mg, farmer
practice is not significantly different from 4.48 MT SMB ha-1 but still higher than other
treatments (p=0.015). In ADF, farmer practice is not significantly different from 6.72 MT SMB
ha-1, indicating a comparably low ADF % can be achieved with SMB (p=0.025). In NDF, all
treatments are significantly higher than farmer practice (p=0.0004). K (p=0.021) did not show a
clear pattern, with 2.24 MT SMB ha-1, 6.72 MT SMB ha-1, and farmer practice having the
highest values, but are not significantly different from the control.
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The only variable where the farmer practice was significantly higher than any of the SMB
treatments was protein (p=0.001) (Figure 50). The farmer practice had a mean protein content of
12.745% compared to the lowest values of 9.676 and 10.230% in the control and 2.24 MT SMB
ha-1, respectively. These values fit within the expected range for grass crude protein between 814%. Treatments of 4.48 MT SMB ha-1 and 6.72 MT SMB ha-1 are not significantly different
from each other and has the next highest protein contents of 11.466 and 10.957%, respectively.
NEM results follow the trend of 6.72 T SMB ha-1 treatment as not significantly different from the
farmer practice (p=0.0251) with means of 0.587 and 0.612 mcal. lb.-1 respectively (Figure 50).
TDN mimics NEM results exactly with means of 59.443 and 61.133% for the 6.72 MT SMB ha-1
and the farmer practice respectively (Figure 48). In summary, most variables of the forage
analysis indicate that farmer practice is not significantly different than of 6.72 MT SMB ha-1 for
the first cutting of tall fescue.
In Cutting 2 (July 27), results similarly suggest the SMB application rate of 6.72 MT
SMB ha-1 provides comparable results to the farmer practice. For IVTDMD48H, Ash, NDF,
protein and P, in the 6.72 MT SMB ha-1 rate are equivalent to the farmer practice treatment. All
SMB treatments are not significantly different than the farmer practice in IVTDMD48H
(p=0.0223) with the of 6.72 MT SMB ha-1 mean of 78.83%. For Ash, all SMB treatments are
significantly higher than the farmer practice (p>0.0005) indicating a high mineral content in the
SMB treatments. NDFD follows a similar pattern with IVTDMD48H, with all the SMB
treatments not significantly different from the farmer practice (p=0.0149); achieving a lower
NDF promotes biomass as enabling higher intake.
By the second cutting, protein results shifted as the SMB treatments afford the highest
protein at 19.09%, 18.03% and 16.08% for biomass rates of 6.72 MT SMB ha-1, 4.48 MT SMB
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ha-1 and 2.24 MT SMB ha-1 respectively (Figure 50). Considering the longevity of SMB material
in the field, continued mineralization of nutrients 3 months after application would afford higher
protein production in the grass. The lower protein levels found in Cutting 1 from the SMB
treatments suggest earlier application of biomass to allow beneficial early-season nutrient
mineralization. The trend continues with P; 6.72 MT SMB ha-1 treatment does not differ from the
farmer practice (p=0.0016) with means of 0.31% and 0.29% respectively and the 4.48 MT SMB
ha-1 does not significantly differ from the farmer practice. All SMB treatments are above the
threshold desired 0.25% threshold for P in forage (Figure 49). By the second cutting, all
treatments, the farmer practice and the control are statistically equivalent for NEM (p>0.05) but
all treatments other than the control are higher than cutting 1 results (Figure 51). Some possible
explanations for this could be the result of growth stress due to increasing summer temperatures
causing all treatments to be closer in value to the control. TDN results mirror NEM results with
no difference between treatments (p>0.05) and all treatments exceed the control.
In Cutting 3 (September 9), more variables than the previous cuttings show the trend of
the 6.72 MT SMB ha-1 as statistically comparable to the farmer practice (Table 12 and 13). All
other variables show inconclusive mean separations or show no significant differences between
treatments when compared to the control. Such findings demonstrate that the SMB is highly
comparable to the farmer practice at a 6.72 MT rate; an earlier application and potentially higher
application rate of biomass might produce even more definitive positive results surpassing
farmer practice results over the growing season.
Overall, TDN results show the highest overall values in Cutting 2 and moderate values in
Cuttings 1 and 3, each of which prove that biomass at the 6.72 MT rate is comparable to the
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Table 13. Significant variables and associated p values
(>0.05) of NIRS analysis of tall fescue, Cutting 3
Variable

p value

Variable

p value

Variable

p value

Protein

0.0008

ME

0.0267

ENE

0.0267

Ca

0.0146

Mg

0.0120

P

0.0049

Ash

0.0153

NEM

0.0269

ADF

0.0267

TDN

0.0267

NEL

0.0267

NEg

0.0270

farmer practice (in Cutting 2, 6.72 MT SMB ha-1 exceeded farmer practice by 1.37%) (Figure
48). Findings for P suggest the slow yet sustained nutrient mineralization of the SMB in
comparing between three cuttings (Figure 48). The 6.72 TM SMB ha-1 treatment is not
statistically different from the farmer practice in any cutting but the 4.48 MT and 2.24 MT rates
appear to catch up to the farmer practice and 6.72 MT rate by Cutting 3. Similarly to TDN,
highest overall values are in Cutting 2. For protein, the changes between the three cuttings,
indicate that nutrient mineralization was delayed through the first cutting but exceeded the
farmer practice in the Cutting 2 and 3 (Figure 50). By Cutting 3, protein levels in the 6.72 MT
SMB ha-1 treatment are high (15.72%) and the 4.48 MT SMB ha-1 treatment (14.66%) is
statistically the same as the farmer practice (14.36%). If protein is the most important variable to
forage, these results suggest an earlier application of SMB would result in high protein at the
first cutting and sustained high protein levels for consecutive cuttings. Lastly, for NEM results in
each of the cuttings mirrors TDN and P where Cutting 2 reveals no significant differences
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Table 14. NIRS Results: Forage Analysis for 3 cuttings over 5 treatments
Variable

2.24 MT ha=1

4.48 MT ha=1

6.72 MT ha=1

Cutting>

1

2

3

1

2

3

1

2

3

1

2

3

1

2

3

ADF Acid
Detergent Fiber

38.29a

35.80

40.46a

38.76a

35.38

39.98ab

37.81ab

34.65

37.73bc

39.30a

37.28

40.37a

36.33b

35.29

37.10c

NDF neutral
detergent fiber
Ash

60.95ab

51.53

61.09a

59.77b

50.98

60.27ab

59.56b

49.87

57.96b

62.18a

51.86

61.00a

57.50c

52.36

57.74b

6.0208

10.26a

8.06a

7.24

10.50a

8.25a

6.02

10.40a

8.41a

5.63

9.23c

6.65b

6.36

9.74b

7.74a

Calcium

0.36

1.16

0.66bc

0.52

1.12

0.71bc

0.38

1.11

0.79ab

0.35

1.26

0.62c

0.45

1.16

0.86a

DDM Dry
Matter
Digestibility

59.07

61.01

57.38c

58.70

61.34

57.75bc

59.45

61.01

59.51ab

58.29

59.86

57.45c

60.60

61.41

60.00a

DM Dry Matter

95.17

N/A

93.17

95.21

N/A

93.67

94.97

N/A

93.46

95.08

N/A

93.76

95.22

N/A

93.13

DRYMI Dry
Matter Intake

1.97bc

2.33

1.96

2.01b

2.36

1.99

2.02b

2.41

2.07

1.93c

2.32

1.97

2.09a

2.29

2.08

ENE Estimated
new energy

49.67b

52.28

47.39c

49.17b

52.72

47.89bc

50.17ab

53.49

50.26ab

48.61b

50.73

47.48c

51.73a

52.81

50.91a

Fat

2.29

3.43

2.88

2.42

3.31

2.64

2.28

3.33

2.71

2.15

3.34

2.60

2.36

3.50

2.99

IVTDMD48H
in-vitro true dry
matter
digestibility 48
hours

71.30b

78.65a

71.48

70.38b

78.20a

70.89

71.47ab

78.84a

72.21

70.32b

75.26b

71.16

73.03a

77.47a

71.86

Control

Farmer Practice
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Table 14 continued. NIRS Results: Forage Analysis for 3 cuttings over 5 treatments
Variable

2.24 MT ha=1

4.48 MT ha=1

6.72 MT ha=1

Cutting>

1

2

3

1

2

3

1

2

3

1

2

3

1

2

3

Potassium

1.84a

2.44a

2.57

1.55b

2.14ab

2.41

1.80a

1.96b

2.34

1.65ab

2.35a

2.26

1.84a

2.38a

2.42

Lignin

3.95

4.40b

5.73

4.31

4.20b

5.95

3.62

4.47b

6.00

4.04

5.60a

6.01

4.04

4.41b

6.24

Magnesium

0.15c

0.29

0.28bc

0.18ab

0.33

0.33ab

0.16bc

0.32

0.34a

0.16c

0.31

0.24c

0.19a

0.30

0.30abc

NEG Net
energy for
gain
NEl Net
energy for
lactation

0.32b

0.36

0.28c

0.31b

0.37

0.29bc

0.33ab

0.38

0.34ab

0.30b

0.34

0.29c

0.35a

0.37

0.34a

0.60b

0.63

0.57c

0.60b

0.64

0.58bc

0.61ab

0.65

0.61ab

0.59b

0.61

0.57c

0.63a

0.64

0.62a

NEM Net
energy for
maintenance

0.58b

0.62

0.54c

0.57b

0.63

0.55bc

0.59ab

0.64

0.59ab

0.56b

0.60

0.54c

0.61a

0.63

0.60a

NFC
Nonfibrous
carbohydrates

22.23

21.63bc

17.05bc

21.02

20.00c

16.32c

22.96

20.14bc

17.41bc

22.01

25.10a

20.22a

22.89

21.84b

19.67ab

P

0.23b

0.29b

0.26a

0.22b

0.307ab

0.26a

0.24ab

0.32a

0.27a

0.23b

0.25c

0.23b

0.26a

0.30ab

0.28a

Control

Farmer Practice
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Table 14 continued. NIRS Results: Forage Analysis for 3 cuttings over 5 treatments
Variable

2.24 MT ha=1

4.48 MT ha=1

6.72 MT ha=1

Cutting>

1

2

3

1

2

3

1

2

3

1

2

3

1

2

3

Protein

10.30
cd

16.08b

13.29b

11.47b

18.03a

14.66ab

10.96bc

19.09a

15.72a

9.68d

13.31c

11.43c

12.74a

15.55b

14.36
ab

RFQ

121.66

112.42
ab

101.11

112.50

103.68bc

99.53

125.02

101.38c

104.18

117.60

108.54
abc

106.72

129.02

114.08a

110.73

RUP

38.34

32.95bc

37.75b

42.96

31.85c

36.81b

37.78

33.02bc

38.27b

38.40

37.90a

40.51ab

38.30

34.65b

43.41a

TDN

58.89b

61.73

56.42c

58.35b

62.21

56.96bc

59.44ab

63.05

59.54ab

57.74b

60.05

56.52c

61.13a

62.31

60.25a

NDFD

54.74

51.92a

50.04

49.97

51.92a

50.18

54.77

51.09a

50.33

53.77

42.61b

49.03

54.94

50.94a

49.63

Control

Farmer Practice
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between treatments while also having the highest values of all cuttings (Figure 50). Between
Cutting 1 and Cutting 3, the 6.72 MT SMB ha-1 treatment remains statistically equivalent to the
farmer practice in energy used for maintenance, suggesting yet again that the delayed nutrient
mineralization is characteristic of SMB.

5.4 Economic Assessment of SMB as Nitrogen fertilizer
The industrial plant produces approximately 8.98 million kg (19.8 million lbs.) of SMB
each year (1.80 million lbs./month). Associated costs of disposal is contracted and includes
dumpsters, trucks and personnel to manage collection and transport to landfill. Total disposal
costs equate to $0.044 kg-1 ($0.02 lb.-1) of savings to the company if the material could be reused
as a land amendment among local farmers. Total annual savings if the SMB were repurposed

Figure 48. Total Digestible Nutrients (TDN), NIRS Analysis for Tall Fescue (Festuca
arundinacea) over 3 cuttings

117

Figure 49. Phosphorous (P), NIRS Analysis for Tall Fescue (Festuca arundinacea)) over 3
cuttings

Figure 50. Protein, NIRS Analysis for Tall Fescue (Festuca arundinacea)) over 3 cuttings
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Figure 51. Net Energy Maintenance (NEM), NIRS Analysis for Tall Fescue (Festuca
arundinacea) over 3 cuttings

would be approximately $396,000 year-1. The plant has the potential to increase the production
of SMB by 40%, resulting in 12.34 million kg (27.72 million lbs.) produced annually and, if
repurposed, could result in a $554,000 year-1 cost savings for the plant at maximum production.
The current SMB production rate of 8.98 million kg (19.8 million lbs.) year-1 could be
land applied at a 2.24 MT ha=1 (1 t ac-1) rate to provide 217.45 kg N ha-1 (194 lbs N ac-1)
approximately and cover an estimated 4006.39 ha (9,900 ac). At a 4.48 MT ha=1 (2 t ac-1) rate,
434.89 kg N ha-1 (388 lbs N ac-1) is provided and 2003.19 ha(4,950 ac) could be covered. At a
6.72 MT ha=1 (3 t ac-1) rate, 652.34 kg N ha-1 (582 lbs N ac-1) is provided and 1335.46 ha (3,300
ac) could be covered. Although these N rates exceeded the 134.52 kg N ha-1 (120 lb N ac-1) rate
as estimated in the field crop budget for cool season grass, SMB has delayed nutrient
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mineralization and the plant available N would be expected as much lower than the overall N
content.
The average farm in Loudon County is 40. 89 ha (101 ac) and there are 685 farms in the
county, with 7667.98 ha (18,948 ac) of total forage land and 1216.49 ha (3,006 ac) of corn grain
cultivated land (NASS, 2012). The annual biomass production could feasibly be used by farmers
in both fescue and corn production in the same county where the biomass is produced. Using the
most recent field crop budget (2016), a 40.49 ha (100-ac) farm would expect total N costs at
134.52 kg N ha-1 (120 lb. ac-1 of N) at $1.06 kg-1 ($0.48 lb.-1) at a total cost of $5,760 year-1 (UT
Field Crop Budget, 2016). N fertilizer represents 8% of the farm’s budget and SMB could
provide a savings of $134.86 ha-1 ($57.60 ac-1) (assuming no change in budget for machinery,
operation and wear). SMB has the potential to greatly benefit both the plants that produce
biomass and local farmers. Future considerations should include application cost differential
between chemical fertilizer, SMB and market sensitivity to fertilizer price and spreader
application equipment and methods.

6.0 Conclusion
Repurposing SMB offers considerable benefit to both the industrial plant and local
farmers. Testing SMB as a N-rich soil amendment on tall fescue strongly suggests that a 6.72
MT SMB ha-1 application rate affords similar results as the current farmer practice of chemical
fertilizer in the first year of the study. GreenSeeker® NDVI results, yield and NIRS forage
results each indicate the success of SMB as a nitrogen source while also highlighting the delayed
release nature of this material.
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GreenSeeker® NDVI results highlight that in Cutting 1, only a month after application,
the SMB treatments are closely behind the chemical fertilizer treatment. Yet by Cutting 3, all
SMB treatments exceed the chemical fertilizer and the N-test strips, demonstrating that SMB can
achieve competitive N-contents and points to strong yields. Yields between each of the cuttings
correspond to the NDVI results; the SMB increases in effectiveness over time and exceeds the
yields of the chemical fertilizer. Greenseeker® SI complement these findings with the SMB
treatments exceeded the control and farmer practice; in the second cutting as much as 10%
higher in N-sufficiency.
Overall NIRS forage analysis suggests that the 6.72 MT SMB ha-1 rate is comparable to
the farmer practice for the majority of variables tested, especially those that are most significant
to cattle producers including TDN, P, protein and NEM. In the instance of protein, lower initial
values in Cutting 1 are followed by comparable values to farmer practice in Cutting 2 and 3. The
data suggest that SMB affords comparable results to the farmer practice and would be an
economical choice for the farmer. Furthermore, earlier application rates and even higher
application rates could provide even stronger results promoting SMB as a soil amendment in
fescue production.
In concert, the yield, NDVI and forage results provide a strong case for SMB as a N-rich
soil amendment in fescue production. Even a month after application, the material mineralizes
sufficient nutrients to support forage growth. As the growing season progresses, the slow release
of nutrients continues and provides the forage with many secondary nutrients as well. These
promising results hold significant potential for the biomass-producing industry to avoid
landfilling SMB and for the farmer to use a non-chemical fertilizer and lower fertilizer costs.
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8.0 Appendix
Appendix 1. Elemental Analysis of SMB from DuPont Tate and Lyle, LLC (Zahn, personal
communication, 2015)
Analysis
352: Ammonia (NH3)
a17: Chloride (Cl-)

Ag : Silver

Method
GLI Procedure E7-7
GLI Procedure ME-4A
GLI Procedure ME-4A (matrix spike)
EPA SW-846 Method 6010B (matrix
spike)
EPA SW-846 Method 6010B
EPA SW-846 Method 6010B (matrix
spike)
EPA SW-846 Method 6010B (matrix
spike)

042415Bailey
1.18%
83 ppm
95.75%

< 5.0 mg/L
103%
85%

As : Arsenic
EPA SW-846 Method 6010B
EPA SW-846 Method 6010B (matrix
spike)
EPA SW-846 Method 6010B (matrix
spike)

< 1.0 mg/L

EPA SW-846 Method 6010B
EPA SW-846 Method 6010B (matrix
spike)
EPA SW-846 Method 6010B (matrix
spike)
GLI Procedure ME-14
EPA SW-846 Method 6010B

< 1.0 mg/L

EPA SW-846 Method 6010B
EPA SW-846 Method 6010B (matrix
spike)
EPA SW-846 Method 6010B (matrix
spike)
EPA SW-846 Method 6010B

< 1.0 mg/L

EPA SW-846 Method 6010B
EPA SW-846 Method 6010B (matrix
spike)
EPA SW-846 Method 6010B (matrix
spike)
EPA SW-846 Method 6010B
GLI Procedure ME-14

< 1.0 mg/L

97%
101%

Ba : Barium

C : Carbon
Ca : Calcium
Cd : Cadmium

Co : Cobalt
Cr : Chromium

Cu : Copper
H : Hydrogen

97%
100%
31.09%
282 ppm

96%
97%
< 7.2 %

97%
98%
< 7.2 %
8.10%
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K : Potassium
k02: Karl Fischer Water
k07: Nitrogen, Kjeldahl
LCH: TCLP Leachate
Procedure

EPA SW-846 Method 6010B
GLI Procedure S-300
GLI Procedure E7-1

EPA SW-846 Method 1311

0.128%
40.13%
6.87%

4.91

m07: Nitrate as N
GLI Procedure ME-4A

< 10 ppm

Mg : Magnesium
EPA SW-846 Method 6010B

0.12%

EPA SW-846 Method 7471A

< 0.0094
ppm

EPA SW-846 Method 6010B

< 7.2 %

GLI Procedure ME-14

7.04%

mHg: Mercury CVAA

Mo : Molybdenum
N : Nitrogen
Na : Sodium
EPA SW-846 Method 6010B

150 ppm

EPA SW-846 Method 6010B

< 7.2 ppm

EPA SW-846 Method 6010B

0.517%

Ni : Nickel
P : Phosphorus
Pb : Lead
EPA SW-846 Method 6010B
EPA SW-846 Method 6010B (matrix
spike)
EPA SW-846 Method 6010B (matrix
spike)

< 1.0 mg/L
94%
98%

S : Sulfur
GLI Procedure E16-2
GLI Procedure E16-2

0.732%
0.76%

Se : Selenium
EPA SW-846 Method 6010B
EPA SW-846 Method 6010B (matrix
spike)
EPA SW-846 Method 6010B (matrix
spike)

< 1.0 mg/L
98%
102%

Zn : Zinc
EPA SW-846 Method 6010B

37 ppm
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Appendix 2. Fertilizer Calculations
Fescue-Spent Biomass and Urea
Treatment 1-1 Ton/Acre
1 Ton x 1 Acre x 180 ft2 x 2,000 lbs = 8.26 lbs biomass/plot
1 Acre 43,560 ft2 plot 1 Ton
Treatment 2-2 Ton/Acre
2 Ton x 1 Acre x 180 ft2 x 2,000 lbs = 16.53 lbs biomass/plot
1 Acre 43,560 ft2 plot 1 Ton
Treatment 3-3 Ton/Acre
3 Ton x 1 Acre x 180 ft2 x 2,000 lbs = 24.79 lbs biomass/plot
1 Acre 43,560 ft2 plot 1 Ton
Treatment 4-0 T/Acre
Treatment 5-Farmer Practice
Rate: 300 lbs/Acre 19-19-19
300 lbs fertilizer x 1 Acre x 180 ft2 = 1.24 lbs fertilizer/plot
1 Acre
43,560 ft2 plot
Nitrogen Test Strip
Rate: 100 lbs N/Acre as granular urea 46-0-0
0.46 * 100 lbs N = 217.39 lbs fertilizer/Acre
217.39 lbs fertilizer x 1 Acre x 180 ft2 = 0.90 lbs fertilizer/plot
1 Acre 43,560 ft2 plot
Fescue-Phosphorus and Potassium
Phosphorus
Rate: 30 lbs P/Acre as Triple Superphosphate 0-46-0
30 lbs P/0.46 = 65.22 lbs fertilizer/Acre
65.22 lbs fertilizer x 1 Acre x 180 ft2 = 0.27 lbs fertilizer/plot
1 Acre 43,560 ft2 plot
Potassium
Rate: 30 lbs K/Acre as Potash 0-0-60
30 lbs K/0.60 = 50 lbs fertilizer/Acre
50 lbs fertilizer x 1 Acre x 180 ft2 = 0.21 lbs fertilizer/plot
1 Acre 43,560 ft2 plot
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CONCLUSION
The results of this thesis demonstrate that to improve the livelihoods of farmers
worldwide, improvements in practice and inputs are necessary to achieve short-term and longterm sustainability. At both ends of the spectrum, smallholder farmers of the developing world
and American farmers, sustaining agriculture production is about finding tangible improvements
to current needs and seeking research-proven alternatives to current challenges. The objectives of
this thesis – to evaluate maize seeders in CA for smallholder agriculture and to test SMB as a Nrich amendment on forage grass in TN – provide case studies in the larger picture of
opportunities in sustainable agricultural production and highlight the growing need for
supporting innovation through research.
In order to actualize CA systems in smallholder agriculture, the appropriate maize
seeders are necessary to seed through heavy residues and harder non-plowed soil surfaces. Of the
maize seeders evaluated for crop growth, development and yield, the dibble stick, the OSU
Greenseeder and the CA-Seeder 1000 stand apart from the Brazilian Jab, the Li Seeder and the
Haraka Rolling as seeders that can achieve similar or even better results than the control, the
John Deere MaxEmerge Planter. In both residue trials, the initial differences between plant
populations and crop height were equilibrated by harvest. The most archaic of tools performed
equally to the most mechanized, making clear that the level of mechanization is not the sole
determiner (or the determiner at all) of higher yields. When differences between treatments are
present, as in the ear-stalk ratios in the soybean residue, the results indicate that the internal
mechanisms of the seeders such as the Brazilian Jab and the Li seeder cannot contend with the
hardest soil surfaces. A significant factor in these results, however, is the differences in grain
quality, an unmeasured but documented finding. Grain quality and cob size have significant
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effect when bringing produce to market or consuming in the home; grain quality is recommended
in future studies comparing maize seeders for smallholder farmers.
To evaluate the seeders more comprehensively, the hand seeders were compared
qualitatively and economically. Technologies like the hand seeder are often not developed with
the woman operator in-mind and assessments by female operators are a necessary step to achieve
adoption of hand seeders and adoption of CA. The overall usability of the seeders indicates that
higher mechanization does not mean higher usability and less effort. The dibble stick, a preferred
seeding tool in much of the developing world, is preferred because it is reliable, can be repaired
and transported easily and little to no training is involved in its employment. It is, however, the
most labor-intensive of all the tools. The OSU Greenseeder, the Li Seeder and the Brazilian Jab
represent the middle of the road, where increased mechanization affords greater usability without
over-mechanizing. These findings are echoed in an assessment of effective field capacity and
cost, highlighting the need for appropriate mechanization to mitigate costs while still providing
improved technology.
In considering the sustainability of American farms relative to fertilizer sourcing, results
from testing SMB applications on tall fescue support the use of this industrial by-product for
forage production. NDVI, NIRS forage analysis and yield results indicate the highest rate of
application at 6.72 MT ha-1 is comparable to the farmer practice of chemical fertilizer. Although
further economic investigation is needed, preliminary results demonstrate that the biomass
currently produced could be used within the local farming community in forage production. Such
promising results support the sustainability of the farming system with the use of an inexpensive,
non-chemical amendment as well as sustainability in industrial biological processes.
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